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Abstract
Dye-sensitized solar cells (DSCs) have been often used as photo-energy converter in hybrid photo-
rechargeable system because of their several advantages, especially high performance under low light 
intensity. Nevertheless, it is still veiled which factors are influential for the performance of DSC-combined 
energy storage devices.
First, I investigated the correlation between charge kinetics in mesoporous TiO2 network and photocurrent 
density (JSC) according to the film thickness. The findings suggest that four factors be considered to
understand photocurrent generation, such as the efficiencies of light harvesting (ηlh), charge injection (ηinj), 
charge collection (ηcc), charge regeneration (ηreg). Among them, ηinj becomes more influential for JSC when 
decreasing TiO2 film thickness, while ηcoll and ηreg become gradually less influential. Following studies 
were carried out to further improve JSC using thin mesoporous TiO2 film below 2.0-μm by controlling dye 
distribution in the mesoporous film.
Finally, thin mesoporous TiO2 film (ca. 1.8-μm)-based photo-electrode was applied to 3-electrode photo-
rechargeable system that is consisting of dyed TiO2 photo-electrode, catalytic-functionalized membrane 
electrode, and LiMn2O4 storage-electrode, named as dye-sensitized solar battery (DSSB). Three kinds of 
redox mediators, such as I−/I3−, Co+2/+3(bpy)3, and Cu+/+2(dmp)2, were introduced as charge regenerator for 
oxidized dye.
As a result, I−/I3− delivering the highest photo-injection current generally provided the highest photo-
charging current (JCh) and thus stored energy (Estored) under 1 sun condition (1000 W m−2), followed by 
Co+2/+3(bpy)3 and Cu+/+2(dmp)2. However, under dim lighting (1. 37 W m−2, 410 lux), Cu+/+2(dmp)2 showed 
the highest Estored corresponding to 8.8% of overall photo-energy conversion/storage efficiency (ηoverall). The 
trend of ηoverall under dim lighting indicates that output voltage gradually becomes more influential for Estored
as the incident light intensity decreases, while the impact of JCh becomes small. These findings present 
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Along with global advances in industry and technology, people are gradually recognizing environmental 
issues. It is no longer a matter of choice to reduce the consumption of fossil fuels, whose combustion boosts
global warming and pollution.1-2 At present, one of the most pressing challenges is to find alternative ways 
to natural resources gradually but necessarily. The total solar energy reaching the Earth is approximately 
440 exajoules per hour, which is more than the global energy consumption per year.3 For this reason, 
photovoltaics (PV), which deals with the immediate conversion of sunlight into electricity, has been a 
subject of active research and development. The global annual photovoltaic cell production has rapidly 
increased since 2000 (Figure 1.1).
Figure 1.1 World annual solar photovoltaics cell production from 1990 to 2013, with projection to 2017 
(Earth Policy Institute - www.earth-policy.org).
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Over 80% of commercial PV cells for outdoor deployment are based on the crystalline silicon-based cells, 
classified as 1st generation PV cells. Although they have been widely employed with proven technology,
there are still several technical limitations as below.
i. High cost associated with use of rare materials, purity grade, and electrode thickness
ii. Unstable performance with incident lighting condition
iii. Complicated fabrication process and heavy weight
iv. Power conversion efficiency (PCE) close to the theoretical Shockley-Queisser limit4
Such issues have motivated us to study on appropriate alternatives. The 2nd generation PV cells, a variety 
of thin film solar cells have been rapidly developed, representatively cadmium telluride (CdTe), and copper 
indium gallium (di)selenide (CIGS). They are characterized by not only high PCE reaching 19.4% with 
long-term stability, but also low cost due to small quantity of photoactive materials. However, their good 
performance is not reproducible in module-scale. Most of all, toxicity and rarity of essential elements, such 
as Cd, In, and Te, are main obstacles for commercialization. During the past decades, a great deal of effort 
has been dedicated to developing 3rd generation PVs. Depending on the photoactive materials and 
operational principle, they can be classified into organic (or polymer) solar cells, quantum dot solar cells, 
dye-sensitized solar cells, and perovskite solar cells. Compared with old-fashioned PVs based on p-n
junction, they include multi-layer structure in which carriers are exchanged, so not being subject to 
theoretical Shockley-Queisser limit. It means that they still have plenty of room for improvement. I am 
convinced that they would be part of solutions to world energy crisis in the near future.
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1.2 Dye-sensitized Solar Cells
Initial dye-sensitized solar cells (DSCs) based on a wide band-gap nanostructured semiconducting layer 
and Ru-complex sensitizers were reported in 1991 by M. Grätzel and B. O'Regan.5 This triggered a new era 
of PV research. Subsequently, the PCE has reached 13% under a standard solar condition (AM1.5, 1000 W 
m−2).6 DSCs are characterized by transparency, multiple colors, imperviousness to lighting condition, low 
cost, and simple fabrication. Moreover, they are flexible and lightweight, depending on the substrate.7-9
Considering such unique features, DSCs are appropriate for building-integrated photovoltaics (BIPV), 
automotive-integrated photovoltaics (AIPV), portable and indoor power generators.10-12
1.2.1 Structure and Working Principle
Figure 1.2 (a) Schematic of a typical DSSC and (b) Overview of processes and typical time constants under 
working conditions (1 sun) in a Ru-based DSC with I─/I3─ redox couples.13-14
Figure 1.2 shows the structure and working principle of general liquid-type DSCs containing I─/I3─ redox 
mediators.13-14 Ground-state electrons in the sensitizers are photo-excited from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) and quickly injected into 
the conduction band of TiO2 (10−11−10−13 s). They keep migrating through the TiO2 nanoparticle network 
for reaching the collecting contact (10−2−10−4 s). The oxidized sensitizers are regenerated by reduced redox 
mediators, i.e., I─ in the electrolyte (10−6−10−10 s). The oxidized redox mediators, i.e., I3─ in the electrolyte, 
are reduced again at the catalytic counter-electrode (Eq.1.1), completing the circuit. The maximum open-
circuit voltage (VOC) corresponds to the difference between the Fermi level of TiO2 and the standard
potential of redox mediators. More precisely, an intermediate one-electron reaction (Eq.1.2) rather than a 
two-electron reaction is responsible for dye regeneration.15
4
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During the operation, a number of charge losses occur through several routes, mainly via charge 
recombination between the photoinjected electrons and the oxidized dye molecules (10−4 s) or oxidized 
redox mediators, i.e., I3─ in the electrolyte (10−2 s).16
1.2.2 Research Strategy
Continuous development of renewable energy technology is definitely important to overcome world 
energy crisis. Before that, the efficient use of given energy allows us to save a huge amount of surplus 
energy. Especially, energy consumption in buildings runs to nearly 40% of the whole energy consumption. 
For this reason, building energy management system (BEMS) industries are expected to grow up to 
approximately 1.5-billion-dollar scale (Figure 1.3), so that indoor environment-customized ubiquitous 
power supplies are more and more required.10, 17-18 Figure 1.3 schematically shows BEMS that requires so 
many kinds of sensors for monitoring the internal condition and acquiring the information.
Wireless sensors are essential to realize efficient BEMS. In other words, self-rechargeable function is 
required for them to continuously operate. Photo-energy from indoor lighting is easy to use and sustainable 
but mostly wasted resource. As mentioned above, photo-energy can be directly converted to electric power 
through PV system, but all kinds of PV are not suitable for indoor environment. I suggest the conditions of 
indoor-customized PV as below.
i. Efficient indoor light harvesting and conversion
ii. Imperviousness to incident light intensity and angle
iii. Aesthetic impression
iv. Being installable wherever needed
v. Flexibly controllable VOC
For following reasons, DSCs definitely meet such requirements. (1) Donor-π-acceptor structured organic 
sensitizers provide intrinsically high molar extinction coefficient and (2) their absorption abilities, such as 
absorption range and initial transition energy, are easily controllable through molecular engineering. (3) In 
operational mechanism of DSCs, charge recombination rate is much less under low light intensity, leading 
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to efficient photocurrent generation. (4) Transparent semiconducting layers that have been mainly used as 
an electron transport layer in DSCs, representatively TiO2, facilitate low sensitivity to lighting condition 
because of mesoporous nanostructure. (5) Along with the development of flexible conducting substrate, 
many bendable DSCs have been reported with not much deteriorated efficiency. Moreover, (6) VOC of 
DSCs is easily controllable compared with other types of PV by controlling charge regenerator in the 
electrolyte. Recently, some groups demonstrated that DSCs provided much higher PCE than silicon-based 
solar cells under low light intensity. These works strongly suggest the potential of DSCs as indoor-
customized PV.
More practical DSCs can be developed by using thin mesoporous TiO2 film rather than thick one. The 
thinner the TiO2 film is used, the higher the transparency and mechanical durability are achievable, as 
shown in Figure 1.4. It has been generalized that too thin TiO2 film not afford the sufficient dye amount 
and thereby deliver the poor device performance. However, most precedent studies on DSCs have only 
focused on the outdoor performance (ca. 2.7×1021 m−2 s−1 of photon flux at 1 sun, 250000 lux). Considering 
the weak intensity of indoor lighting (ca. 1.7×1018 m−2 s−1 of photon flux at living room, 200 lux), thin 
mesoporous TiO2 film is capable of sufficient dye amount for indoor power conversion (ca. 9.6×1019 m−2
of Y123 dye at 1.8-μm). For those reasons, thin TiO2 film-based DSCs must be promising future research 
theme to realize indoor-customized PV.
6
Figure 1.3 Schematic of a building energy management system (BEMS). A variety of sensors are required 
to operate the whole system. Along with increasing energy crisis recognition, BEMS industries are expected 
to rapidly grow.
Figure 1.4 TiO2 film thickness dependent (a) transparency and (b) film detachment after bending test. It is 
noteworthy that 1.6-μm TiO2 film never detached after repeated bending test.
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1.3 Hybrid Photo-rechargeable Systems
The intermittent availability is the main drawback of solar energy, so being not compatible with actual 
energy demand (Figure 1.5). Energy storage system (EES) has been combined with photo-energy converter
to solve such problem. As shown in Figure 1.4, surplus solar power produced during peak hours gets stored 
in EES and it can be used when energy demand increases. According to the connection type between PV
and EES, they can be divided two groups: (1) separated system in which PV and EES are wire-connected 
and (2) all-in-one system in which PV and EES share the ions across the membrane (Figure 1.6). Separated 
systems suffer from energy loss due to wire-resistance, over-charging problem, and inefficient use of a 
space. Crucially, they require multi-connection or module production for applying to indoor environment 
because of low JSC from the unit PV cell. In contrast, all-in-one systems not only have no concerns about 
such problems but also are applicable to indoor environment even in a single unit cell.
Figure 1.5 Time dependent PV energy production and energy demand curves. Excess energy (bright orange) 
is stored in a battery for evening use.
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Figure 1.6 The comparison of two types of photo-rechargeable systems (separated19 and all-in-one20).
For photo-energy storage, supercapacitors have been mainly employed because of their high power 
density.21-31 However, they have intrinsic limitations such as low energy density and fast self-discharge.32
Such problems can be overcome by employing kinds of batteries. There have been lots of studies on photo-
rechargeable batteries since first report by Hodes et al. in 1976.33 In 2002, Hauch and Orel et al. suggested 
first DSC-combined photo-rechargeable battery with WO3 as storage material and I−/I3− redox mediator.34
They highlighted that this new concept of device had potential as indoor-customized device because of 
higher performance under low light intensity and electrochromic coloration. Following that, many groups 
have optimized DSC-combined photo-rechargeable batteries using various storage materials such as 
modified WO3, conducting polymers, and solution dissolved redox active species.
Nevertheless, few groups have used general active materials for lithium ion battery (LIB) as storage 
material. This is attributed to energy level mismatch between active materials for LIB and photo-electrodes
for DSCs. Figure 1.7 shows Li+ ion active potentials and record performances of reported cathode 
materials.35 All materials have too high or low Li+ ion active potential to be combined with DSCs. Based 
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on conduction band edge of TiO2 (ca. −0.5 V), storage materials with higher Li+ ion active potential cannot 
accept photo-charge from TiO2 photo-electrode and ones with too lower Li+ ion active potential cannot 
deliver enough output voltage that is defined as redox potential gap between charge acceptor in PV part and 
storage material. Instead, some groups proposed multi-connected PV pack to photo-charge LIB, in which 
PV pack and LIB were separated and wire-connected.36 Aside from those, other groups suggested photo-
assisted rechargeable system, in which photo-energy was used to reduce external voltage for charging.37-39
Most studies on photo-rechargeable system so far has focused on high performance under 1 sun condition. 
More strategic studies should be proceeded to boost the realization of practical photo-rechargeable system 
as follows: (1) Selective and focused studies should be proceeded considering the application place. As an 
example, for the devices that will be used inside the building, crucial characteristic parameter would be 
output voltage rather than capacity. (2) Storage materials with fused characteristics should be developed in 
order to achieve both energy and power density. For example, supercapacitors can be improved by 
integrating with organic radical batteries, resulting in a fast charging as well as high capacity. As a 
consequence, photo-rechargeable systems can be powerful electronics for daily life.
Figure 1.7 Li+ ion active potentials and performances of cathode materials for lithium ion battery.35
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Chapter 2. Experimental Methods
2.1 DSCs Fabrication
Figure 2.1 Dye-sensitized solar cell fabrication process.
The whole DSC fabrication process is shown in Figure 2.1. Fluorine-doped tin oxide (FTO, Nippon 
Sheet Glass Co., Ltd.) glass was used as substrate for all electrodes. First, FTO glass was ultrasonic-cleaned 
in acetone, ethanol, and DI water for 10 min, in that order. Cleaned FTO glass was immersed in an aqueous 
0.04 M TiCl4 solution at 70 °C for 30 min to form a compact TiO2 layer that is helpful for interfacial 
adhesion force at FTO/mesoporous TiO2 layer interface. A mesoporous TiO2 double layer was prepared by 
screen-printing commercial TiO2 paste (Ti-Nanoxide MC/SP, Solaronix SA or DONGJIN SEMICHEM 
CO., LTD.) and light scattering TiO2 paste (Ti-Nanoxide R/SP, Solaronix SA) on the compact TiO2 layer, 
followed by sequential heating at 150 °C for 10 min, 325 °C for 5 min, 327 °C for 5 min, 450 °C for 15 
min, and 500 °C for 30 min. To control the TiO2 film thickness, the number of screen printing was controlled 
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using commercial mask (MESH S/T250, Emulsion 12-μm), corresponding to 1.8-μm for one time and 3.5-
μm for two times printing (Thickness was slightly different according to used paste). For a thicker 
mesoporous TiO2 layer, another mask (MESH S/T150, Emulsion 50-μm) was used, which provided a 5.1-
μm film for one time of printing. The area of the photo electrode was 0.16 cm2 (0.4×0.4 cm2) and the film 
thickness was measured by a surface profiler (P6, KLA-Tencor Corporation). To find the film thickness, 
nine samples per printing condition were measured and averaged. 2D surface scanning profiles show overall 
thickness of TiO2 layer as a function of the number of printing (Figure 2.2). The mesoporous TiO2 double 
layer was immersed again in aqueous 0.04 M TiCl4 solution at 70 °C for 30 min and heated at 500 °C for 
30 min. After naturally cooling to 80 °C, the TiO2 electrodes were immersed in the dye solution (0.2 mM)
and maintained at room temperature under a dark condition for 180 min for the 1.8-μm active layer and 210 
min for the 3.5-μm active layer (refer to each chapter for exact information). 
For the counter-electrode, the FTO glass was drilled a hole for the electrolyte injection later and 
ultrasonic-cleaned the same with the photo electrode. Two kinds of catalytic layers were employed, 
platinum (Pt) and poly(3,4-ethylenedioxythiophene) (PEDOT).1-2 For the former, the prepared FTO glass 
was coated with a H2PtCl6 solution (0.01 M H2PtCl6·6H2O in ethanol) by brushing and heated at 400 °C for 
15 min. For the latter, the electrodeposition was carried out applying a constant current (+0.5 mA) for 30 s
in an acetonitrile dispersion of EDOT containing 0.01 M EDOT (97%, Aldrich) and 0.1 M LiClO4 (99.99% 
trace metals basis, Aldrich).
Finally, two electrodes were assembled into a sandwich structure and sealed using a 25-μm Surlyn® resin
(Meltonix 1170-60, Solaronix SA) at 110 °C. The space between the photo and counter-electrodes was 
filled with the electrolyte containing redox active species by a vacuum back-filling force and subsequently 
sealed using a cover glass (Marlenfeld GmbH & Co.). Four kinds of charge regenerator are introduced in 
this thesis, such as I−/I3−, Co+2/+3(bpy)3, and Cu+/+2(dmp)2, and Cs2SnI6 perovskite (refer to each chapter for 
exact information).3-5
16
Figure 2.2 2D surface scanning profiles of TiO2 layer according to the number of printing. An abysmal 
ravine near mid-point corresponds to scratching trace for the measurement. All the samples were measured 
after sintering. It is noted that thickness was slightly different depending on the paste.
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2.2 Characterization Techniques
The appropriate evaluation of DSCs with different conditions allows a comprehensive understanding of 
device behavior. There are various powerful tools for characterization of DSCs from simple current-voltage 
measurement to small perturbation techniques. Combining these, we can expect the internal charge kinetics 
in a fine time scale.
2.2.1 Current-Voltage (J-V) Measurement
Under illumination, the photocurrent is determined by subtracting recombination current (Irec) from the 
photo-charge injection current (Iinj). Irec that flows in the opposite direction to photocurrent depends on the 
applied voltage as shown in Eq.2.1:6-7
  =      −      =      −   ( 
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     − 1)                                                                                                (2.1)
Where I0 is the diode reverse saturation current (called dark current), q is the elementary charge, V is the 
applied voltage, n is the ideality factor, kB is the Boltzmann constant, and T is the absolute temperature. The 
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Eq.2.2 shows VOC is logarithmically proportional to incident light intensity. The short-circuit current (ISC) 
is measured when the applied voltage is zero (V = 0), resulting in Eq.2.3:
I   = I                                                                                                                                                 (2.3)
Eq.2.3 shows ISC is linearly proportional to incident light intensity. These relations between device 
parameters and light intensity agree with the experimental results as well.
Figure 2.3 shows typical J-V curve of a solar cell. The power conversion efficiency (ηPCE) of solar cell 
is determined by the ratio of maximum power density (Pmax) to the incident light intensity (Pin). The concept 
of fill factor (FF) that is defined by the ratio of Pmax to the product of ISC and VOC is used for simple 










                                                                                                  (2.4)
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Figure 2.3 Typical current density-voltage curve from DSCs with corresponding power density.
2.2.2 Incident Photon-to-Current Conversion Efficiency (IPCE) 
The incident photon-to-current conversion efficiency (IPCE), also called the external quantum efficiency 
(EQE), is an essential characterization method for the solar cells. It provides spectral photocurrent response 
at a single wavelength. If the incident light intensity at each wavelength is known (generally calibrated 
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Where λ is the wavelength, JSC(λ) is the photocurrent density at each wavelength, Pin(λ) is the incident 
light intensity at each wavelength, ηlh is the light harvesting efficiency, ηinj is the photo-charge injection 
efficiency, ηcc is the charge collection efficiency, and ηreg is the charge regeneration efficiency. As shown 
in Eq.2.5, IPCE corresponds to product of four factors (ηlh, ηinj,ηcc, and ηreg) that is associated with temporal 
charge kinetics for photocurrent generation since photo-excitation of sensitizer (Figure 2.4a).10-11
19
There are two methods for IPCE measurement according to existence of light chopper, divided to the 
alternative current (AC) mode and the direct current (DC) mode. Figure 2.4b shows chopping frequency 
dependent IPCE spectra measured in the AC mode. The IPCE spectrum strongly depends on the chopping 
frequency of the monochromatic light. For DSCs, photo-generated charge collection is remarkably slow
compared to other types of PVs ranging from milliseconds to seconds. This can be explained by trapping/de-
trapping processes of photo-injected electrons in nanostructured TiO2 network.12-13 Considering the severe 
electron trapping phenomena in DSCs, IPCE of DSCs should be measured in specific conditions as below:9, 
14-15
i. DC mode with sufficiently high photon flux (over 1.0×1020 m−2 s−1)
ii. AC mode at sufficiently low chopping frequency (below 2 Hz) with background lighting
Figure 2.4 (a) Charge behavior (blue arrow for electron and orange arrow for redox mediator) for 
photocurrent generation since photo-excitation of sensitizer. (b) IPCE spectra of DSC based on RK-3 dye
as a function of chopping frequency in AC mode.
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2.2.3 Controlled Intensity Modulated Photo Spectroscopy (CIMPS)
Contrary to steady-state methods, the small chopped illumination methods drive the system out of 
equilibrium and the measurement during transient response provides information about internal charge 
kinetics on different time scales. Intensity modulated photocurrent spectroscopy (IMPS) and intensity 
modulated photovoltage spectroscopy (IMVS) are very useful tools to study photo-generated carrier
behavior in DSCs. IMPS method measures the transient photocurrent response to a small chopped 
illumination with variable frequency.6 IMVS method uses the same chopped illumination but measures the 
transient photovoltage response, i.e. the difference between Fermi level in the dark (EF) and the quasi-Fermi
level under illumination (nEF).16 IMPS provides information about the electron diffusion and back reaction 
in TiO2 network under short circuit state, while IMVS shows the electron lifetime under open circuit state.
Compared to traditional IMPS/VS techniques, controlled intensity modulated photo spectroscopy 
(CIMPS) correlates photocurrent or photovoltage responses from the cell with actual light intensity signal 
(Pact) measured by means of a photo-sensor near the cell. Pact can be stabilized by a continuous feedback 
from the photo-sensor. Figure 2.5 shows a circuit diagram for CIMPS system and real photograph during 
measurement. For that reason, CIMPS is able to evaluate photo-response with much higher accuracy. Using 
CIMPS technique, light chopping frequency response of photocurrent efficiency (ηIP) and photovoltage 
efficiency (ηUP) can be measured, which are corresponding to the ratio of photocurrent (ISC) to incident light 
intensity (Pin) and the ratio of photovoltage (VOC) to incident light intensity (Pin), respectively. The AC 
amplitude is generally selected ~10% of light source potentiostat.
    =        ⁄                                                                                                                                        (2.6)
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Taking the inverse of the cutoff angular frequency (  = 1        ⁄ = 1 2        ⁄ ) in the imiginary part 
of CIMPS spectra, time constants for charge transport (τtrans) and charge recombination (τrec) can be 
estimated. It is noted that such τtrans and τrec derive from the short circuit and the open circuit states, 
respectively. Using the τtrans and τrec, the effective diffusion coefficient (Dn) and collection efficiency (ηCC) 
of the photo-injected electron can be determined as below.17
   =        ,      
   ⁄                                                                                                                       (2.8)
    = 1 − (           ⁄ )                                                                                                                     (2.9)
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Where L is the active layer thickness, and ξ is a numerical factor (ca. 2.5) that depends on the optical 
density of the film.18 If Dn and τrec are known, effective diffusion length (   =          ) is also determined. 
More exactly, time constant of photocurrent response (τpc, Eq.2.10) associated with both charge transport 
and recombination should be used to calculate the ηCC rather than the τtrans associated with only charge 
transport as shown in Eq.2.11.19-20 However, Eq.2.9 must be valid under the conditions as below.21-22
Therefore, Eq.2.9 is mainly employed in this thesis.
i. Active layer is thin enough so that the photo-injected electrons are instantly collected









                                                                                                                              (2.10)
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Figure 2.5 (a) Schematic of the CIMPS principle. The photo-diode detector/sense amplifier feedback loop 
forces the light source potentiostat to control light intensity exactly. (b) Actual photograph during the 
measurement. Photo-sensor is placed near the cell.
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A. J. Frank and co-workers suggested that the τtrans and τrec be measured at the same nEF in the TiO2 film 
to accurately evaluate the ηCC.19 In other words, both time constants need to be measured at the same circuit 
state. If the τrec at open circuit state is used to evaluate the ηCC, the resulting value may be underestimated 
compared to that measured using the τrec at short-circuit states. For more accuracy, the τrec should be 
measured under short-circuit conditions. This can be achieved by charge extraction method under short-
circuit states, in which the τrec is related to time dependent extracted charge (Qext) as Eq.2.12.23-24 This 
method results in about 4 times larger τrec value compared to that measured by small amplitude modulation 
method (CIMPS). This difference can be explained by the fact that the CIMPS method measures a lifetime 
of photo-injected excess charge, while the charge extraction method measures a lifetime of resident 
electrons in the active layer.





                                                                                                               (2.12)
Figure 2.6 shows light intensity dependent frequency response of photocurrent efficiency (ηIP′′) and 
photovoltage efficiency (ηUP′′) in the complex plane, displayed in Bode plot. It is noteworthy, for both cases, 
that cutoff frequency gradually shifts toward high frequency region when increasing light intensity. These 
results indicate that τtrans and τrec tend to change in the same direction along with the light intensity, so that 
ηCC nearly do not depend on the light intensity.25
Figure 2.6 Light intensity dependent frequency response of (a) photocurrent efficiency (ηIP′′) and (b)
photovoltage efficiency (ηUP′′) in the complex plane, displayed in Bode plot. For both ηIP′′ and ηUP′′, cutoff 
frequency gradually shifts toward high frequency region when light intensity increases.
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2.2.4 Electrochemical impedance Spectroscopy (EIS)
Definition of Impedance     Electrochemical impedance spectroscopy (EIS) is a powerful technique for 
analyzing the electrical properties of not only bulk materials but also their interfaces with different phases.
Compared to steady-state polarization technique such as cyclic voltammetry that provides J-V curve whose 
slope determines the polarization resistance (RP) at each point, EIS produces much more information as a 
function of the input potential or current frequency. It is recommended to carry out prior studies on the 
experimental object before impedance analysis to properly interpret a large amount of information. 
Combining with other studies on object: electron microscopic observation of surface morphology, 
composition, and DC electrochemical characterization, EIS can be much more effective analysis method. 
As shown in Figure 2.7a, the general approach is to apply an electrical stimulus (voltage or current with a 
small amplitude sinusoidal modulation) to the object and to detect the response signal (frequency dependent 
current or voltage). The actual input signals depend on the type of object. For the DSCs, VOC under 
illumination is generally applied with small amplitude modulation (ca. 10~20 mV). The definition of 
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where ‐is the Laplace transform, s is the complex frequency (s = σ + jω, where σ and ω are the real and 
imaginary parts of frequency), θ is the phase difference between input and output signal, Z′ and Z′′ are the 
real and imaginary parts of impedance.
Figure 2.7 (a) Spectroscopic representation of the electrical stimulus on the object and resulting frequency 
response and (b) representation of vector Z on complex plane.26-27
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Impedance Analysis of DSCs     DSCs contain various electrode materials and ionic conducting layer 
inside them, accompanying many phase changes such as electrode/electrolyte interface. For that reason, 
photo-generated charge kinetics in the DSC can be strongly influenced by these interfaces. Figure 2.8
shows typical impedance spectrum in Nyquist diagram for the DSC based on the liquid electrolyte. Inset 
shows the structure of DSC with an equivalent circuit elements, called transmission line model, widely used 
to fit the impedance spectrum of DSC.28-29 The Nyquist diagram for the DSC consists of three semicircles 
in general. More specifically, the x-axis ranging from zero to the x-intercept explains series resistance (RS) 
that is mainly correlated with sheet resistance of substrate and solution resistance. The first semicircle 
represents the charge transfer resistance (RCE) and electrical double layer capacitance (CCE) at the counter-
electrode/electrolyte interface, respectively. The second semicircle represents the charge recombination 
resistance (Rrec or RCT) and chemical capacitance (Cμ) at the mesoporous TiO2 film, respectively. The third
semicircle represents ZW, which is defined as the Nernst diffusion (Warburg) impedance of redox species
in the electrolyte.30 If an applied bias is high enough so that TiO2 film is highly conductive, the charge 
transport resistance (Rtrans) can be negligible. Moreover, other interface impedances at the 
substrate/electrolyte (RTCO and CTCO) and the substrate/TiO2 (RCO and CCO) may be not influential as well.29
Figure 2.8 Typical Nyquist diagram obtained from liquid type DSC. Inset shows the structure of DSC with 
corresponding equivalent circuit (transmission line model).
25
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where ωrec is the angular frequency of the charge transfer (recombination) process. Therefore, a reciprocal
ωrec corresponds charge recombination lifetime (τrec) and it can be expressed using Rrec and Cμ. If the Rtrans
and film thickness (L) are known, effective diffusion coefficient (Dn) is also calculated as below:
     =     
   =                                                                                                                       (2.15)
   =  
                                                                                                                                        (2.16)
When applying a forward bias (generally –VOC) in the dark condition, a Fermi level gradient occurs 
through the TiO2 film as described in Figure 2.9a. Consequently, electrons diffuse from the substrate to 
the electrolyte side and react with oxidized redox mediator in the electrolyte. If the DSC is illuminated with 
keeping a forward bias, Fermi level rapidly increases at the electrolyte side and Fermi level gradient may 
be different according to an applied bias (Figure 2.9a). In the general codition (–VOC DC bias and 1 sun), 
Fermi level gradient may be nearly flat, so that electrons diffuse from the electrolyte side to the substrate 
because of electron concentration distribution (Figure 2.9b).20
Figure 2.9c shows experimental impedance spectra of a D-DAHTDTT organic dye cell with a liquid 
electrolyte, measured by applying a forward bias (–0.65 V) with 10 mV modulation in dark and under 
illumination. Compared to impedance spectra from dark condition, Rrec corresponding to second semicircle 
is remarkably decreased with illumination. This is attributed to the contribution of photo-electrons from 
dyes under illumination. It is also noteworthy that the τrec is significantly decreased when illuminated, as 
evidenced in Bode plot (inset of Figure 2.9c) This can be explained by the difference of the oxidized redox 
mediator concentration inside TiO2 film. Under illumination, the oxidized redox mediators (such as I3−) are 
generated inside the TiO2 film after dye regeneration process, whereas in dark condition, I3− ions are
generated at counter-electrode and diffuse toward the mesoporous TiO2 films.31
26
Figure 2.9 (a) The Fermi level distribution by diffusion–recombination of electrons and photogeneration 
in a TiO2 film with L = 10-μm, in dark and under illumination and (b) schematic description of electron 
diffusion in the TiO2 film in dark and under illumination. (c) Experimental impedance spectra of a D-
DAHTDTT organic dye cell with a liquid electrolyte, measured by applying a forward bias (–0.65 V) with 
10 mV modulation in dark and under illumination.
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Chapter 3. Performance Optimization of Thin Photoactive TiO2 Film-based 
DSCs using Indoline-based Sensitizer
3.1 Introduction
Persistent efforts have been made to improve the performance of dye-sensitized solar cells 
(DSCs) over the past 20 years.1-2 The sudden advent of perovskite solar cells caused a declining 
trend in the number of studies on DSCs due to their incredible power conversion efficiency (PCE) 
and low cost.3-5 Nevertheless, it is still worthwhile to research DSCs, as they are promising 
integrated photovoltaic (BIPV) systems owing to their  several advantages, including transparency, 
multicolor and flexibility, and are suitable for indoor systems because they are operable under low 
light intensity and impervious to incident angles.6-7 In this respect, flexible-type cells are required 
for a wide range of applications. A thick active layer should be avoided because of film peeling 
that would limit the development of efficient flexible-type DSCs.8-9 Therefore, it is important to 
achieve a high PCE value with a thin active layer.
All the parts of the DSCs are essential and profoundly affect the device performance. Sensitizers 
in the photo electrode, which act as light harvesters, are key components. There have been many 
studies on metal-free organic dyes to replace conventional metal-based dyes as the sensitizer for 
DSCs.10-14 Their primary merits are a high molar extinction coefficient, tunable absorption ability, 
and electrochemical properties, thus having the potential for giving a high PCE with a thin active 
layer. To date, most organic dyes have been based on charge donor, π-bridge, and acceptor 
moieties to enhance the absorption range, resulting in a PCE greater than 10%.15 However, most 
of the high PCEs with iodine electrolyte have appeared in an active layer over 10-μm to date, 
which is a far from cost-effective conditions.16
To overcome this issue, this work documents the design of new indoline derivatives by 
introducing cyclopentadithiophene units as a π-conjugated bridge, named RK-1, 2, 3 and 4. The 
derivatives are characterized by a high molar extinction coefficient greater than 70,000 cm-1 M-1, 
enabling highly-efficient DSCs based on thin mesoporous titanium dioxide (TiO2) film (< 2-μm) 
with I─/I3─ redox mediators. Their planar structure, as shown in Figure 3.1, allows high dye 
loading, even on a thin TiO2 film. However, such planar types of molecules are also prone to 
agglomeration due to π- π stacking. Therefore, alkyl chains with different lengths ranging from a 
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methyl to a hexadecyl group were introduced on cyclopentadithtiophene to control dye aggregation. 
It has been generally recognized that alkyl chains on dyes act as a shield against the oxidized redox 
mediators, decreasing the back reaction rate of photoelectrons injected and improving the 
performance of DSCs.17 Meanwhile, unintended dye aggregation can be induced by Van der Waals force 
interaction between long alkyl chains.18 These two facts are expected to generate a trade-off between 
the positive and negative effects on the performance of DSCs.
These simple variables in the molecular structure caused an apparent difference in the performance of 
DSCs. In a 1.8-μm active and 2.5-μm scattering layer; the same scattering layer was always used together 
in this work, DSCs based on RK-3 dyes with dodecyl groups exhibited the best PCE of 9.1% under one 
sun illumination (AM 1.5, 1000 W·m-2) with a great photocurrent density (JSC = 16.2 mA·cm-2). A time-
resolved photoluminescence (PL) investigation revealed that the most favorable charge injection from RK-
3 dyes facilitated the highest JSC. However, when increasing the active layer thickness, the overall device 
performance gradually dropped while RK-2 provided the little affected PCE (8.8% for 3.5-μm and 7.9% 
5.1-μm). This was because the charge collection and regeneration became more influential than the charge 
injection for the device performance.
Figure 3.1 Chemical structures of the RK-1 – 4 organic dyes. All dyes have a flat structure and no 
difference in the molecular structure between them except for the alkyl chain length, which increases from 
RK-1 to RK-4. The dihedral angles are summarized in Table 3.1.
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3.2 Results and discussion
Photophysical and Electrochemical Properties     Photophysical properties of RK series were assessed 
through both experimental and computational methods. Absorbance and emission spectra of each dye in 
dichloromethane (CH2Cl2) containing 0.1 M triethylamine were obtained as shown in Figure 3.2a. With 
the exception of RK-1, all λmax and λonset values for absorbance were similarly positioned at 487 nm and 555 
nm, respectively. The transition energy E0-0 of each dye was estimated using the corresponding λonset of 
absorbance spectroscopy (Table 3.1). The estimated energy gap for all dyes was very similar (ca. 2.23 V), 
clearly confirmed by the similarly positioned emission peaks. 
The highest occupied molecular orbital (HOMO) levels were measured using cyclic voltammetry
(Figure 3.2b), and their results were similar to each other, 0.72 V for RK-1 and 0.74 V for RK-2, 3 and 4
(vs. NHE; in this communication, all potentials are based on NHE). Moreover, the peak-to-peak separation 
potential ∆E inversely proportional to the charge transfer rate was very small, only 27.32 mV for RK-3
(98.91 mV for ferrocene used together as reference).19 The findings indicate excellent electrochemical 
reactivity and stability of the RK series. Although the HOMO levels of RK series (0.72 V and 0.74 V) were 
even more negative than that of N719 (1.1 V)20-22, they exhibited efficient charge regeneration with the 
I─/I3─ redox mediators (Eredox = ca. 0.35 V) as discussed later. The excited state potential corresponding to 
the lowest unoccupied molecular orbital (LUMO) level was evaluated by subtracting the transition energy 
E0-0 from the ground state oxidization potentials Eox. Every dye shows a sufficiently high excited state 
potential (ca. –1.5 V) compared to the TiO2 conduction band edge (ca. –0.5 V), facilitating smooth electron 
injection.
Computational Calculations     The density functional theory results strongly support the experimental 
results. Figure 3.3 shows the distribution of frontier molecular orbitals in each isolated dye. In all dyes, the 
HOMOs were well dispersed through the D-π-A part, while the LUMOs were localized at the π-A part, a 
benefit of the electron injection from the dye to the TiO2 conduction band. There is also a slight difference 
between the experimental and simulated values of the HOMO and LUMO levels. No difference was 
observed in the spin density distribution in oxidized monomeric dye, indicating a similar charge 
recombination rate with oxidized dyes under the assumption that all dyes have a similar arrangement and 
orientation on the TiO2 (Figure 3.4).
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[a] All the spectra were measured in 20 μM CH2Cl2 solution at 298 K. [b] The onset point in anodic curve 
was used for estimating ground state oxidation potential. [c] The transition energy of each dye was 
estimated from the onset point in absorbance spectrum. All the potential were represented versus normal 
hydrogen electrode by adding Fc+/Fc redox potential (+0.63 V).[3] [d] Singlet excited state lifetime of each 
dye was estimated from following equation.   = 1.499 (  ∙   )⁄ , where E (cm-1) is the excitation energy 
of the different electronic states and f is the oscillator strength of the electronic state, not giving cause for 
the difference in exciton self-quenching according to the alkyl chain length.
Figure 3.2 (a) UV-vis and photoluminescence spectra for RK-1 – 4, measured in a 20 μM 
CH2Cl2 solution containing 0.1 M triethylamine. (b) Cyclic voltammograms obtained from RK
dye-dissolved CH2Cl2 solution containing tetrabutylammonium hexafluorophosphate (TBAPF6,) 
as a supporting electrolyte. The Fc/Fc+ redox potential was used as internal reference.
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Figure 3.3 HOMO, LUMO, and electron density difference maps between the excited and ground states of 
RK-1 – 4 dyes.
Figure 3.4 Spin density distribution in oxidized monomeric dye, corresponding to RK-1 – 4 from left one 
by one. They show similar positive charge signals each other, implying similar chance for accepting 
electron.
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Device Performances     RK series were applied to DSCs for evaluating their photovoltaic 
ability in different active layer thicknesses (1.8-μm, 3.5-μm, and 5.1-μm with a 2.5-μm scattering 
layer) without any co-adsorbate. For preparing the photoactive TiO2 films, screen printed 
mesoporous TiO2 films were immersed in a dye solution (0.2 mM in CHCl3) at room temperature 
under dark conditions for 2 – 2.5 hours and then assembled with a Pt-coated counter electrode into 
a sandwich configuration, followed by injection of electrolyte composed of 0.055 M I2, 0.025 M 
LiI, 0.05M guanidine thiocyanate, 0.6 M DMPII and 0.5 M 4-tert-butylpridine in a mixture of 
acetonitrile and valeronitrile (v/v, 85/15).
Figure 3.5 shows the J-V curves for the four dyes studied under one sun illumination, and all 
performance parameters are summarized in Table 3.2. With a 1.8-μm active layer, RK-3 with a 
dodecyl group reached the best PCE (9.1%) without any co-adsorbate, corresponding to an open 
circuit voltage (VOC) of 0.74 V, a photocurrent density (JSC) of 16.2 mA·cm-2, and a fill factor (FF) 
of 0.76. To date, this is one of the best performances in a very thin TiO2 film (1.8-μm active layer) 
with iodine electrolyte system. The next highest PCE (η = 8.2% with a VOC of 0.73 V, JSC of 14.9 
mA·cm-2, and FF of 0.75) was obtained by RK-2 with a heptyl group, followed by RK-4 with a 
hexadecyl group (η = 6.4% with a VOC of 0.68 V, JSC of 12.9 mA·cm-2, and FF of 0.72) and RK-
1 with a methyl group (η = 5.7% with a VOC of 0.65 V, JSC of 12.1 mA·cm-2, and FF of 0.73). With 
a 3.5-μm active layer, all the device performances, except for RK-2, generally decreased even 
though the active layer thickness increased. As a result, the RK-2 provided a higher PCE (η = 8.8% 
with a VOC of 0.74 V, JSC of 15.9 mA·cm-2 and FF of 0.75) than RK-3 (η = 8.2% with a VOC of 
0.74 V, the JSC of 15.2 mA·cm-2, and FF of 0.73). Compared to the case of 1.8-μm active layer, 
RK-2 showed a ca. 7% improved PCE while that of RK-3 decreased ca. 10% due to the dramatic 
decrease in JSC. Even after further increasing the active layer thickness to 5.1-μm, the order of PCE 
was the same as that of 3.5-μm, RK-2 > RK-3 > RK-4 > RK-1, but all device performances 
decreased markedly. Nevertheless, RK-2 maintained a good PCE (η = 7.9% with a VOC of 0.73 V, 
JSC of 15.1 mA·cm-2, and FF of 0.72).
In summary, RK-3 achieved the best PCE (9.1%) in a 1.8-μm active layer with no co-adsorbate, 
but a much lower PCE when increasing the active layer thickness to 3.5-μm (8.2%) and 5.1-μm 
(6.6%). In contrast, RK-2 obtained the optimized PCE (8.8%) with a 3.5-μm active layer. These 
results suggest that RK-3 with an unprecedented PCE in thin TiO2 film (1.8-μm) could be an ideal 
and economical candidate for flexible DSCs. However, the enhanced performance in thinner films 
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is very unusual compared to a previously reported trend in organic dyes.23 In addition, depending 
on the alkyl chain length, especially RK-2 and 3, their device performances and trends are quite 
different. For a full understanding, more detailed experiments and explanations are outlined in 
Experiment Section.
















0.65 12.13 73.1 5.72 5.43
RK-2 0.73 14.86 75.4 8.15 7.84
RK-3 0.74 16.19 75.5 9.07 8.80
RK-4 0.68 12.94 72.0 6.38 6.13
RK-1
3.5 + 2.5
0.63 12.06 71.6 5.44 5.22
RK-2 0.74 15.94 74.5 8.78 8.40
RK-3 0.74 15.19 72.8 8.20 8.02
RK-4 0.66 12.75 73.8 6.21 5.96
RK-1
5.1 + 2.5
0.59 12.19 72.5 5.19 4.83
RK-2 0.73 15.06 72.2 7.91 7.61
RK-3 0.73 12.81 71.1 6.62 6.29
RK-4 0.61 11.82 73.9 5.41 4.97
For the measurement of ηPCE, a black mask (0.5 × 0.5 cm2) was always attached to the DSCs for preventing 
the overestimation. All dye solutions were composed of 0.2 mM RK-1 – 4 in CHCl3 without a co-adsorbate.
The electrolyte was composed of 0.055 M I2, 0.025 M LiI, 0.05 M guanidine thiocyanate, 0.6 M DMPII 
and 0.5 M 4-tert-butylpridine in a mixture of acetonitrile and valeronitrile (v/v, 85/15).
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Figure 3.5 J-V curves of DSCs based on RK organic dyes according to the active layer thickness: (a) 1.8-
μm and (b) 3.5-μm.
Figure 3.6 Photocurrent density of RK DSCs with (a) 1.8-μm and (b) 3.5-μm TiO2 film as active layer, 
measured according to incident light intensity. For certainty, corresponding external quantum efficiency is 
also presented, automatically calculated by Thales software using spectral responsivity equation. See the 
experimental part for references.
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Device Analysis     In the device performance trend, the most noticeable point is the competition 
between RK-2 and 3. With a 1.8-μm active layer, RK-3 provides a much higher JSC (16.2 mA·cm-
2) than RK-2 (14.9 mA·cm-2), but the reversed trend was observed after increasing the active layer 
thickness to 3.5-μm (15.9 mA·cm-2 for RK-2 and 15.2 mA·cm-2 for RK-3). This JSC trend becomes 
clearer when using a 5.1-μm active layer. The JSC of the RK-3 DSC considerably decreased from 
15.2 mA·cm-2 to 12.8 mA·cm-2 while that of RK-2 a little reduced from 15.9 mA·cm-2 to 15.1 
mA·cm-2. To ensure this point, we measured their JSC values and corresponding external quantum 
efficiencies (ηEQE) as a function of the incident light intensity using a monochromatic light source 
(λ = 463 nm, close to the absorption peak of RK series). The tendency of JSC was consistent with 
that under one sun illumination, as shown in Figure 3.6. The corresponding ηEQE values show that 
clearly. JSC is commonly expressed by Eq.3.1:24-25
    =                                                                                                                                      (3.1)
Where q is the elementary charge, I0 is the incident photon flux, ηlh is the light harvesting 
efficiency, ηinj is the charge injection efficiency, ηcc is the charge collection efficiency, and ηreg is 
the regeneration yield. Excluding the two constants q and I0, the product of four factors, ηlh, ηinj, 
ηcc, and ηreg, is generally defined as ηEQE.24-25 Analyzing these factors could explain why the JSC
trend between RK-2 and 3 changes along the active layer thickness. ηcc and ηreg is proposed to 
become more and more decisive for JSC with increasing active layer thickness because of an 
increase in the contact area of the TiO2 nanoparticles with the electrolyte and travelling distance 
of iodide ions for reaching the oxidized dyes. Furthermore, the impact of alkyl chain length on ηcc
and ηreg also becomes more decisive with increasing active layer thickness. However, under the 
thin active layer, ηinj could play a major role in the JSC. These assumptions reasonably explain the 
tendency of JSC and were clarified by the following analyses.
The charge injection efficiency (ηinj) can be quantitatively estimated by ηEQE, absorption 
coefficient (α), charge diffusion length (Ln) and active layer thickness (d), as shown in Eq.3.2 that 
Piers R. F. Barnes et al. introduced.26 Figure 3.7 illustrates that ηinj was determined as a function 
of the incident photon flux. The maximum ηinj was achieved by RK-3 in both 1.8-μm (avg. 0.75) 
and 3.5-μm (avg. 0.78) active layers, which did not follow the JSC trend. RK-3 has a lower JSC
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(15.2 mA·cm-2) than RK-2 (15.9 mA·cm-2) with a 3.5-μm active layer. Nevertheless, ηinj for RK-
3 is always greater than that for RK-2. These results can be explained by the degree of dye 
aggregation.
Figure 3.7 Charge injection efficiency of RK DSCs with (a) 1.8-μm and (b) 3.5-μm TiO2 film as active 
layer, calculated from Eq.3.2 Piers R. F. Barnes et al. reported.26 For semiconducting electrode side 
illumination charge injection efficiency is determined as follows.
     =
     (  













Figure 3.8 Absorbance spectra of RK dye-sensitized TiO2 film (1.8-μm) as a function of soaking time. 
Note initial states until 3 min.
Figure 3.8 shows the absorbance spectra of each RK dye-sensitized TiO2 film, differentiated by 
the soaking time and sensitizer. The aim of this section is to understand the degree of dye 
aggregation depending on the alkyl chain length from the change in absorbance spectra of dye 
monolayer on the TiO2 surface. Thus, RK-1 with the methyl groups is not a subject of debate. It 
has been commonly recognized that the blue and red-shift of absorption peak originate from head 
to head (H-type) and head to tail (J-type) aggregation, respectively. Therefore, the absorption peak 
position is determined by the ratio between H and J-type agglomerates. All the dyes show similar 
trend in which absorption peaks are eventually blue-shifted within a few minutes. Interestingly, 
the order of blue-shift between dyes was variable, but no longer changing from 10 min with overall 
gradual blue-shift along with time. It was attributed to continuous dye adsorption without co-
adsorbate, not giving the information about dye aggregation anymore. So, we focused on the 
change of absorption peaks until 3 min.
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Table 3.3 Dye loading amount data of each dye according to the soaking time.
Film absorption test (1.8 μm) DSCs





×10-8 mol cm-2[a] ×10-8 mol cm-2[a]
RK-1 0.251 0.487 0.645 0.721 1.263 1.593 1.866 2.286 3.625 5.839
RK-2 0.285 0.745 0.864 1.309 2.008 2.312 2.603 2.628 4.414 7.861
RK-3 0.234 0.369 0.543 0.775 1.017 1.181 1.356 1.597 3.412 5.046
RK-4 0.087 0.241 0.357 0.687 0.884 1.054 1.164 1.316 2.957 3.775
[a] Dye loading amount was estimated using Beer Lambert law (  =    ), where A is the absorbance 
intensity of desorption solution, ε is the molar extinction coefficient, l is the optical path length and c is the 
dye molar concentration. For acquiring the absorbance data of desorption solution, we firstly immersed 
TiO2 film substrate in 0.2 mM dye solution and then in desorption solution (0.1 M triethylamine in CH2Cl2) 
again for over 3 days. The absorbance of prepared desorption solution was recorded by UV-vis 
spectrophotometer.
For an exact comparison, the absorbance spectra were normalized and separated by soaking time 
(Figure 3.9). After 1 min, RK-4 (477 nm) showed drastic blue-shift despite the lowest dye loading 
amount, followed by RK-3 (487 nm) and 2 (492 nm). This indicates the severe H-aggregation of 
RK-4 due to the longest alkyl chain. However, the absorption peak of RK-2 (466 nm) rapidly 
blue-shifted over the rest (487 nm for RK-3 and 474 nm for RK-4) after 2 min, which was 
attributed to the largest dye amount as shown in Table 3.3. In contrast, the absorption peak of RK-
3 in 2 min was still non-shifted from that (487 nm) of 20 μM solution state, indicating the least H-
aggregation. After 3 min, RK-3 started a blue-shift to 478 nm, but less than RK-2 (475 nm). These 
results suggest that the largest dye adsorption of RK-2 leads to the more H-aggregation than RK-
3. Hence, the only RK-2 exhibited the saturated absorption intensity from 30 min. Based on these 
results, we proposed dye adsorption processes for RK-2 and 3 (Figure 3.10). The RK-2 showed 
a high dye adsorption rate on the TiO2 surface from 1 min and formed the compact dye monolayer 
within 2 min. In case of RK-3, similar trend is observed, but with slower dye adsorption rate and 
thereby, formed relatively less aggregated layer than RK-2. These results were further confirmed 
by transient photoluminescence (PL) study later.
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Figure 3.9 Normalized absorbance spectra separated by the soaking time until 10 min, derived from Figure 
3.8. Focus on the change in order of blue-shift of absorption peak. All the dye loading amount values are 
summarized in Table 3.3.
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Figure 3.10 Proposed dye adsorption processes according to the alkyl chain length. RK-2 is featured by 
low aggregation rate and fast adsorption rate. In case of RK-3, similar trend is shown with slower adsorption 
rate. Lower part shows various aggregation type, H-type, J-type and oblique-type. The ratio between them 
determines the position of absorption peak. Any co-adsorbate was not used.
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Time-correlated single photon counting (TCSPC) was employed for acquiring each exciton 
lifetime, which informed that the degree of dye aggregation. Dummy cells were prepared, which 
consisted of FTO glass including a dyed zirconium dioxide (ZrO2) layer and pure FTO glass as the 
counterpart and were filled with the inert electrolyte containing only additives as illustrated in 
Figure 3.15. In the dummy cell, the excited photoelectrons are not injected into the conduction 
band of the ZrO2 nanoparticles because of their higher energy level. In this case, exciton lifetime 
in dye is strongly affected by surrounding dyes. The RK-3 dummy cells exhibited the longest 
average exciton lifetime (739 ps) followed by RK-2 (391 ps), 4 (222 ps) and 1 (185 ps), as shown 
in Figure 3.11 and Table 3.4. This indicates the least self-quenching by aggregation in the RK-3
based film and thus, the highest ηinj with RK-3, well matching with the calculated ηinj as well as 
film absorption trend.
The light harvesting efficiency (ηlh) was determined by the molar extinction coefficient and dye 
loading amount per projected region in the film (     = 1 − 10
     = 1 − 10  ).27 All dyes 
exhibited a negligible difference in the molar extinction coefficient from 6.74 to 7.02 × 104 cm-
1·M-1. Therefore, only dye loading can affect ηlh. The dye loading amount is presented in Table 
3.3. RK-2 with heptyl groups provides the highest dye loading amount (4.41 × 10-8 mole·cm-2 for 
1.8-μm and 7.86 × 10-8 mole·cm-2 for 3.5-μm TiO2 film) after the same soaking time. RK-1 and 3
provide a similar amount while RK-4 shows the smallest amount. These trends correspond to ηlh, 
as shown in Figure 3.12. RK-2 achieved the highest ηlh in both 1.8-μm and 3.5-μm TiO2 film, 
despite the slightly blue-shifted onset point in the ηlh spectra compared to other dyes.
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Figure 3.11 Time-resolved PL signals from the RK dye-sensitized ZrO2 layer surrounded by inert 
electrolyte. The excitation and detection were at 506 nm and 680 nm.
Figure 3.12 Light harvesting efficiency of RK dye-sensitized TiO2 film according to film thickness: (a) 
1.8-μm and (b) 3.5-μm. Taking account of only semiconductor side irradiation, diffuse reflectance and 
transmission of dyed TiO2 film were measured for evaluating ηlh of RK series. Using those it was possible 
to obtain accurate information because not only specular but scattering rays were caught for characterizing 
optical ability. Excluding optical losses by the FTO and mesoporous TiO2 layer, we obtained absorption 
data from the only dye monolayer.
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The charge transfer kinetics in the active layer has been considered one of the most influential 
factors in the performance of DSCs. The competition between charge collection and recombination 
is quantitatively explained using charge transport time (τd) and recombination time (τrec). 
Controlled intensity modulated photo spectroscopy (CIMPS) was employed for the estimations, 
and the experimental details are described in the Supporting Information. Figure 3.13a–3.13d
show the τd and τrec of photoinjected electrons as a function of the JSC and charge amount stored in 
the active layer. As shown in Figure 3.13a and 3.13b, except for the case of RK-1, all τd values 
were very similar, regardless of film thickness. However, RK-2 DSCs exhibited the longest τrec in 
both the 1.8-μm and 3.5-μm active layers, followed by RK-3, 4 and 1, as shown in Figure 3.13c
and 3.13d. Using the τd and τrec collected from the IMPS / IMVS responses, the diffusion length 
(   =         ) and collection efficiency (    = 1 −        ⁄ ) of the photoinjected electrons were 
determined, respectively.28 As a result, RK-2 achieved the longest Ln in both the active layer 
thicknesses, as shown in Figure 3.13e and 3.13f, due to the longest τrec. The maximum ηcc was 
achieved with RK-2 in both active layer thicknesses, followed by RK-3 (Figure 3.13g and 3.13h). 
Although the difference of ηcc between RK-2 and 3 was very small, there was a clear distinction 
in diffusion length. The outstanding charge transfer characteristics in the RK-2 DSCs was 
attributed to the compact dye surface coverage on the TiO2 nanoparticles.
The compact dye surface coverage minimizes the interfacial area contacting the electrolyte, 
resulting in the highest ηcc for RK-2, but it can be detrimental to the charge injection. Accordingly, 
RK-2 manifests a far superior τrec and thus Ln at both active layer thicknesses, but better JSC was 
provided by RK-3 at the 1.8-μm active layer. This result indicates that the ηcc is more influential 
in the JSC than ηinj with increasing active layer thickness.
To confirm this result, an additional investigation of the charge collection process was 
performed in terms of the charge recombination resistance (Rrec) using electrochemical impedance 
spectroscopy (EIS). The obtained Nyquist plots with respect to both active layer thickness are 
presented in Figure 3.14a and 3.14b.  At both active layer thicknesses, the largest Rrec values 
(105.5 Ω for 1.8-μm and 265.6 Ω for 3.5-μm) were produced by RK-2 DSCs, followed by RK-3, 
4, and 1, which was attributed to the compact dye surface coverage. Additionally, the trend of τrec
measured by EIS corresponds to that by IMVS.
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Figure 3.13 The trend of charge transport time, recombination time, collection efficiency, and diffusion 
length depending on the TiO2 thickness: (a, c, e, g) 1.8-μm and (b, d, f, h) 3.5-μm.
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Figure 3.14 Impedance spectra in Nyquist plots depending on the TiO2 thickness: (a) 1.8-μm and (b) 3.5-
μm. EIS was measured under a dark condition, applying a 10 mV AC sinusoidal modulation superimposed 
on constant DC bias (-0.6 V) with the frequency ranging from 105 to 10−1 Hz.
The regeneration yield (ηreg) was also carefully considered as a main factor for the JSC trend.29-
30 The ZrO2-based dummy cells used for studying the dye aggregation were employed both with 
I─/I3─ couples (iodine electrolyte) and without (inert electrolyte). With an inert electrolyte, the 
exciton lifetime was dependent on the degree of dye aggregation. However, with the iodine 
electrolyte, better charge regeneration of the oxidized dye can result in a reduced exciton lifetime. 
Figure 3.15 illustrates the structure of dummy cells and the mechanism for data acquisition. With 
these, ηreg is estimated as Eq.3.2:
     = 1 − (              ⁄ )                                                                                                 (3.2)
where τIodine is the exciton lifetime obtained from the dummy cells filled with the iodine 
electrolyte and τInert is one with an inert electrolyte containing only additives. In this manner, the 
changes in ηreg depending on the ratio of I─/I3─ couple concentration was first studied in iodine 
electrolyte compared to the standard (100%) iodine electrolyte. Figure 3.16 shows the PL decay 
signals from the RK-2 dye-sensitized ZrO2 layer as a function of the percentage of the I─/I3─ couple 
in the iodine electrolyte versus standard iodine electrolyte. The transient PL spectra show a 
gradually increasing gradient with increasing I─/I3─ couple concentration. All quantitative values 
are summarized in Table 3.4. The average exciton lifetime obtained from the RK-2 dummy cells 
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gradually decreases from 391 ps for the inert electrolyte to 312 ps for 1%, 147 ps for 10%, and 47 
ps for 100% iodine electrolyte, corresponding to 0.20, 0.62, and 0.88 ηreg, respectively. These 
sensitive changes imply that our newly developed method provides reliable information and can 
be applied to evaluating ηreg. Considering the small free energy gap between the HOMO level of 
RK-2 and I─/I3─ redox potential, a good ηreg of RK-2 may be related to the high electrochemical 
reactivity and stability of RK series. As shown in Table 3.4, RK-2 dummy cells provide the 
highest ηreg (0.88) as followed by RK-3 (0.83), 4 (0.78) and 1 (0.71). The tendency of ηreg is overall 
consistent with the alkyl chain length except for RK-1. RK-1 dyes with methyl groups suffer from 
serious intermolecular stacking on the ZrO2 film and have trouble in the regeneration process. 
Based on these findings, the alkyl chain interrupts the redox ion diffusion, thus causing unexpected 
bottlenecks in the operation of DSCs, such as mass transfer of I─ ions during the regeneration 
process and I3─ ion escape from the active layer after regenerating dyes. These undesirable effects 
become stronger with increasing active layer thickness, as shown in the performance of DSCs with 
a 5.1-μm active layer.
To clearly understand the difference in device performance depending on the active layer 
thickness, all factors (ηinj, ηlh, ηcc, and ηreg) affecting the JSC were considered. As mentioned above, 
at both active layer thicknesses, RK-3 achieved the best ηinj while RK-2 obtained the best ηlh, ηcc, 
and ηreg. As for the PCE, RK-3 provided the highest PCE (9.1%) in the 1.8-μm active layer, which 
means that ηinj played a dominant role in the performance of DSC. In contrast, RK-2 provided the 
best PCE (8.8%) in a 3.5-μm active layer because the charge collection and regeneration became 
more important as the film thickness increased.
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Figure 3.15 Structure of the dummy cell used for the exciton lifetime and regeneration yield acquisition. 
Excited photoelectrons in the dyed ZrO2 layer self-relax through radiative emission (upper). Addition of 
I─/I3─ couples into the electrolyte leads to a decrease in radiative emission because the electron vacancy, 
i.e., hole, is occupied during the regeneration process with stray photoexcited electrons thermalized (lower).
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Figure 3.16 Time-resolved PL signals from the RK-2 dye-sensitized ZrO2 layer depending on the iodine 
electrolyte concentration. The excitation and detection were at 506 nm and 680 nm.
Table 3.4. Calculated average exciton lifetimes and corresponding ηreg depending on the I─/I3─ couple 
concentration. All ηreg values were calculated using the inert electrolyte as a standard.
Iodine 0% (Inert) Iodine 1% Iodine 10% Iodine 100% (Standard)
τext[a] (ps) ηreg τext[a] (ps) ηreg τext[a] (ps) ηreg τext[a] (ps) ηreg
RK-1 185 0 N/A N/A N/A N/A 54 0.71
RK-2 391 0 312 0.20 147 0.62 47 0.88
RK-3 739 0 N/A N/A N/A N/A 125 0.83
RK-4 222 0 N/A N/A N/A N/A 49 0.78
[a] Exciton lifetime was estimated by fitting transient PL spectra, followed by equalization of the whole 
spectra. FlouFit software was employed for fitting with a multi exponential model,  ( ) =





, where IRF(t') is the experimentally measured instrument response 
function (lamp function), Ai is the amplitude of the ith component at time zero in counts, τi is the lifetime of 
the ith component and t is the time shift between IRF(t') and decay. For determining the average exciton 
lifetime, three exponential functions were used and quantitative values were derived from the resulting 
fitting signals by equalizing fitting signals as follows:  ( ) =    
 (    ⁄ ) +    
 (    ⁄ ) +    
 (    ⁄ ).
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Finally, the JSC trend was confirmed by the incident photon to current conversion efficiency (IPCE) 
measurement, as shown in Figure 3.17. The overall spectra matches the ηlh profile with spectral response 
onsets at approximately 750 nm. At both active layer thicknesses, the tendency of IPCE is in accordance 
with the JSC variation. In the 1.8-μm active layer, RK-3 exhibited the highest IPCE values followed by RK-
2, 4, and 1 while in the 3.5-μm active layer, RK-2 achieved the highest IPCE values, followed by RK-3, 4, 
and 1. Notably, the IPCE was measured under no bias light and a chopping frequency of 4 Hz was used 
because of instrument limitations. Xiao-Zhi Guo et al. recommended that the IPCE measurement be 
performed under white bias light using low chopping frequency below 1 Hz for DSCs due to their slow 
response time.31 Under these measurement conditions, the IPCE would be considerably underestimated. 
Nevertheless, a reliable JSC trend was observed and conforming to that obtained under a one sun condition, 
supporting our analyses.
Figure 3.17 Incident photon-to-current conversion efficiency of RK DSCs, presented according to the TiO2
film thickness: (a) 1.8-μm and (b) 3.5-μm.
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3.3 Conclusion
New indoline derivatives were successfully synthesized and applied to dye-sensitized solar cells 
(DSCs) as sensitizers, named RK-1, 2, 3 and 4. The derivatives have a planar structure and high 
molar extinction coefficient, facilitating a high power conversion efficiency (PCE), even with a 
very thin TiO2 film. Alkyl chain groups with a variable length were introduced to prevent serious 
intermolecular stacking and to optimize the performance of DSCs. Too Long alkyl chain groups 
caused dye aggregation and decreased the dye loading amount, also blocked I─ ion diffusion during 
the regeneration. However, the moderate alkyl chains facilitated the compact dye surface coverage, 
shielding photoelectrons injected against the oxidized redox mediators. Thus, DSC performances 
according to the alkyl chain length showed varying photocurrent densities (JSC) as well as 
dependence on the active layer thickness. As a result, RK-3 showed superior JSC only at a 1.8-μm 
active layer and thus the best PCE of 9.1% (VOC = 0.74 V, JSC = 16.2 mA∙ cm-2 and FF = 0.76) 
under one sun illumination (AM 1.5, 1000 W∙m-2) because of the most favorable charge injection 
kinetics. To the best of our knowledge, this is the best performance of DSCs at the same film 
thickness. However, RK-2 provided the best PCE of 8.8% when increasing the active layer 
thickness to 3.5-μm. These results imply that the most influential factor for JSC was charge 
injection in a very thin active layer (1.8-μm), but charge collection and regeneration gradually 
became more influential with increasing active layer thickness.
In summary, at a very thin active layer (< 2-μm), charge injection plays a major role in determining the 
device performance of indoline-based RK series that have a large molar extinction coefficient with a large 
planar geometry. By increasing the active layer thickness, the device performance of RK series gradually 
decreased and the charge collection and regeneration became dominant factors as opposed to the charge 




Dummy cell fabrication     The whole process is similar to the DSC fabrication process. For preparing 
photoactive ZrO2 films, FTO glass was first ultrasonically cleaned with acetone, ethanol, and DI water for 
10 min, in that order. Cleaned FTO glass was covered with ZrO2 paste by the screen printing method, 
followed by sintering at 500 °C for 30 min. ZrO2 paste was produced as follows: 0.4 ml of acetic acid, 0.6 
ml of acetylacetone, 3.33 g of α-terpineol, 5 g of ethyl cellulose, and 1 g of ZrO2 powder were added to 
ethanol with magnetic stirring followed by ultrasonic treatment for 3 h. The mixture solution was then 
vigorously stirred for 24 h for good dispersion of ZrO2 nanoparticles. The resulting solution was gradually 
evaporated at 50 °C with magnetic stirring until a paste was properly formed. Screen printed mesoporous 
ZrO2 film was immersed in a dye solution (0.2 mM in CHCl3) at room temperature under a dark condition 
for 150 min and then assembled with perforated pure FTO glass into a sandwich configuration, followed 
by injection of the same iodine electrolyte. For testing, the concentration of I2, LiI, and DMPII was 
controlled with the others remaining the same.
Photoelectrochemical characterization     The current density-voltage (J-V) characteristic was evaluated 
using a digital source meter (Series 2600A, Keithley Instruments, Inc.) under one sun illumination (AM 
1.5, 1000 W·m-2) simulated by a photovoltaic efficiency measurement system (IQE-200, Newport 
Corporation). For preventing overestimation, a black mask (0.5 × 0.5 cm2) was attached to the DSCs each 
time. 
Controlled intensity modulated photo spectroscopy (CIMPS) spectra were acquired from the 
electrochemical workstation (ZENNIUM XPOT, ZAHNER-elektrik GmbH & Co. KG) with a frequency 
response analyzer under an intensity-controlled monochromatic LED (463 nm). The photocurrent density 
and corresponding external quantum efficiency (ηEQE) as a function of the monochromatic light intensity
were measured under black mask as well using the same electrochemical workstation. The measurement 
was performed under the low light intensity to minimize the side effects, such as the Stark effect32 and RC 
limitation33 at excess charge concentration, such that more exact information was acquired. The ηEQE was 
automatically calculated by Thales software (ZAHNER-elektrik GmbH & Co. KG) using a spectral 
responsivity equation (     =     ∙ ℎ ∙     ∙   ∙   ⁄ ), where JSC (mA·cm
-2) is the short circuit current density, 
h (J·s) is the natural Plank constant, c (m·s-1) is the vacuum speed of light, P (W·m-2) is the specific light 
intensity, λ (m) is the wavelength and qe (C) is the electron’s elementary charge.34
Electrochemical impedance spectroscopy (EIS) was performed on the electrochemical analysis system 
(Model 1287A Potentiostat and 1260A Impedance / Gain-phase analyzer combined, Solartron Analytical, 
AMETEK, Inc.) in a dark condition, applying a 10 mV AC sinusoidal signal superimposed on constant 
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forward bias with the frequency ranging from 105 to 10-1 Hz. Z View software (Scribner Associates, Inc.) 
was used for fitting Nyquist plots. 
Time-correlated single photon counting (TCSPC) was performed with a tunable Ti:sapphire laser 
(Mira900, Coherent) as an excitation source. The PL signal was spectrally resolved by a monochromator 
(SP-2150i, Acton) and corresponding signals were quickly detected by the TCSPC module (PicoHarp, 
PicoQuant) with a MCP-PMT (R3809U-59, Hamamatsu). Time-resolved PL signals were fit using 
fluorescence decay data analysis software (FlouFit, PicoQuant). 
Incident photon to current conversion efficiency (IPCE) measurements were performed using an EQE 
system (Model QEX7, PV Measurements, Inc.) in the AC mode with a chopping frequency of 4 Hz under 
a dark condition.
Film absorption test     All the dye solutions were sonicated before sensitization to disintegrate stacked 
dye molecules. To catch even the fine distinctions, we repeatedly used identical TiO2 film samples for 
absorption test after refreshing every time by immersing in desorption solution (0.1 M triethylamine in 
CH2Cl2) for 30 min, washing with CH2Cl2, and lastly sintering at 500 °C for 30 min in air. This must 
minimize the error range that results from the fine difference in TiO2 film thickness between samples. For 
estimating dye loading amount, dye-adsorbed TiO2 films were firstly immersed in desorption solution (0.1 
M triethylamine in CH2Cl2) for over 3 days. The absorbance spectra of prepared desorption solution were 
recorded by UV-vis spectrophotometer. Finally, dye concentrations were calculated using Beer Lambert 
law (  =     ), where A is the absorbance intensity of desorption solution, ε is the molar extinction 
coefficient, l is the optical path length and c is the molar concentration.
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Chapter 4. Control and Monitoring of Dye Distribution in Mesoporous TiO2
Film Improving Photovoltaic Performance
4.1 Introduction
The development of efficient, large-scale facility for inexpensive electricity generation using solar energy 
has attracted great research interest.1 While a large proportion of supplied solar modules are silicon-based, 
the dye-sensitized solar cell (DSC) is a promising alternative. The DSC has unique advantages, such as 
multiple colors, transparency, flexibility, and impervious to the incident light intensity and angle.2 The 
commercialization of DSCs requires efficient fabrication methods.3-5 During the conventional fabrication 
procedure, the soaking process for dyeing the metal oxide film—which is usually mesoporous TiO2—still 
has plenty of room for improvement. The conventional method of overnight soaking (OS) produces an 
unbalanced dye distribution in the porous TiO2 film, in spite of the considerable length of time it requires. 
The reason is that during OS the dye molecules gradually infiltrate the film and occupy the free sites from 
the top to the bottom, causing severe localization of dye-occupied sites near the top.6 Efforts to overcome 
these shortcomings include: using a syringe to pump dye solution into the sealed cells,7 acid treatment to 
positively polarize the TiO2 surface,8 and activation of dye molecules using supercritical CO2.9 Although 
these methods could produce devices with outstanding power conversion efficiency (PCE) in a few minutes, 
they are inadequate for commercialization in terms of sustainability, mass production, and cost. 
Furthermore, most methods developed so far have not solved the problem of uneven dye distribution within 
the TiO2 film.
In this communication, we introduce a new dye arrangement process, gas bubbling soaking 
(GBS), which not only provides even dye dispersion in the porous TiO2 film for the first time, but 
also dramatically shortens the device fabrication time. GBS is also applicable to thick TiO2 films 
(over 20-μm), suggesting its wide range of application. Consequently, the resulting device could 
achieve higher PCE than the best values of those produced using OS, despite a lower dye capacity. 
Such findings are attributed to the even dye distribution and the resulting large surface covered 
with dye inside the porous TiO2 film, leading to decreased recombination of photoinjected 
electrons.6 We noted that the dye capacity was not linear to the TiO2 film thickness, especially in 
the case of OS. This means a large portion of dye molecules resided near the top of TiO2 film, not 
the inside. Such uneven dye distribution is the main cause of limited performance in devices with 
thick TiO2 film, a problem that has been little researched, but successfully overcame by GBS. We 
62
used highly sensitive plasmon sensors to directly observe the dye infiltration into the porous 
nanostructure, in conjunction with time-of-flight secondary ion mass spectrometry (TOF-SIMS) 
depth profiles. The impact of GBS on the performance of DSCs was also intensively investigated 
using various photoelectrochemical analyses.
4.2 Results and discussion
Dye Capacity     In the GBS process (upper part, Figure 4.1), the injected gas flow generates pressure 
across the porous TiO2 film, carrying the dye molecules to the bottom of the film. Therefore, the running 
gas spreads the dye molecules widely within the porous TiO2 film, while in OS (lower part, Figure 4.1) 
most dye molecules are localized near the top. Referring to the Langmuir adsorption model, the surface 
coverage of dye molecules on the film is expressed as:
     =         1 +        ⁄                                                                                                                 (4.1)
Where θdye is the fraction of surface sites covered with dye molecules, Keq is the equilibrium constant, and 
Pdye is the dye’s partial pressure in the adsorption system.10
We first checked the adsorption capacity in the porous TiO2 film for two dyes: a ruthenium-based dye 
(N719)11 and an organic dye (DAHTDTT).12 The results of different dyeing methods and times are 
summarized in Table 4.1. GBS consistently produces a much higher dye capacity than OS for the same 
soaking time. When using dilute dye solution (0.04 mM), 15 min of GBS treatment produced a dye capacity 
that corresponds to that of 4 h of OS in the 1.8-μm-thick TiO2 films. It is especially more effective for 
thicker TiO2 films (7-μm), indicating efficient dye infiltration into the porous nanostructure. For N719, the 
dye capacity after 15 min of GBS was similar to that after 7 h of OS (0.88 × 10-7 and 0.84 × 10-7 mol cm-2, 
respectively). The variation in tonal contrast in Figure 4.2 visually shows the different dye adsorption rates 
in 7-μm-thick TiO2 films using GBS and OS. Since different carrier gases (N2, CO2, and air) produced 
similar dye capacities (Table 4.2), we believe that the GBS effect originates from the physical driving force 
of gas flow, not any chemical processes. Such findings suggest that the GBS method is promising for 
commercialization in terms of fabrication cost and time.
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Type Dye capacity a (× 10-7 mol cm-2)
Minute Hour
2 4 8 15 30 1 1.5 2 3 4 5 7.5
DAHTDTT
0.04 1.8
GBS 0.14 0.16 0.26 0.37
OS 0.04 0.19 0.24 0.26 0.32 0.37 0.44
0.2
1.8
GBS 0.27 0.47 0.57 0.69 0.79
OS 0.63 0.71 0.89 0.99 1.08 1.24
7
GBS 0.39 0.51 0.89 1.20 1.43
OS 0.72 1.01 1.25 1.67 1.86 2.26
1 1.8 OS 0.43 0.49 0.51 0.57 0.63 0.69 0.72
Minute Hour
4 8 15 30 1 1.5 3 5 7 11 15
N719 0.3
1.8
GBS 0.26 0.31 0.37 0.44
OS 0.34 0.36 0.38 0.44 051 0.54 0.63 0.83
7
GBS 0.57 0.81 0.88 0.91 1.02
OS 0.34 0.41 0.50 0.59 0.68 0.84 1.06 1.31
a Dye capacities were calculated from Beer–Lambert law (  =    ), where A is the absorbance intensity
of desorption solution, ε is the molar extinction coefficient, l is the optical path length and c is the molar 
concentration. For desorption solution, we immersed dyed TiO2 film substrate in a mixture of ethanol and 
DI water (v/v, 7/3) containing 0.1 M NaOH for a day in case of N719 or dichloromethane containing 0.1 
M trimethylamine for 3 days in case of DAHTDTT. The absorbance spectra of resulting desorption 
solutions were recorded by UV–vis–NIR spectrophotometer.
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Figure 4.1 Proposed dyeing mechanisms of GBS (upper) and OS (lower), and the molecular structures of 
three dyes used, N719, YD2, and DAHTDTT (right). The injected gas flow pushes dye molecules deep 
inside the porous TiO2 film, while the dye molecules slowly spread in the case of OS. Note that these two 
methods produce different dye distributions.
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Figure 4.2 The difference in tonal contrast of 7-μm TiO2 film according to dyeing method, (a) GBS and 
(b) OS, for the same time.
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a Dye capacities were calculated from Beer Lambert law (  =     ), where A is the absorbance intensity of 
desorption solution, ε is the molar extinction coefficient, l is the optical path length and c is the molar 
concentration. For desorption solution, we immersed dyed TiO2 film substrate in a mixture of ethanol and 
DI water (v/v, 7/3) containing 0.1 M sodium hydroxide for a day in case of N719 or dichloromethane 
containing 0.1 M trimethylamine for 3 days in case of DAHTDTT. The absorbance spectra of resulting 
desorption solutions were recorded by UV–vis–NIR spectrophotometer.
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Device Performance     Table 4.3 shows the photovoltaic performance for N719- and DAHTDTT-based 
devices with 1.8-μm and 7-μm active layers, respectively. Both the open circuit voltage (VOC) and 
photocurrent density (JSC) gradually increased along with GBS time. In the 1.8-μm-thick active layer with 
DAHTDTT, only 2 min of GBS treatment was sufficient to produce devices with PCE values similar to 
that from the optimal OS treatment (5 h) and enhanced performance (η = 7.2%, VOC = 0.68 V, JSC = 15.5 
mA·cm-2, and fill factor (FF) = 0.69) was achieved after 30 min of GBS. In the 7-μm-thick active layer, 
only 15 min of GBS was needed to achieve higher PCE values than the best results from OS (7.5 h for 
DAHTDTT and 15 h for N719). The best performance of N719-based device (η = 8.1%, VOC = 0.72 V, JSC
= 15.7 mA·cm-2, and FF = 0.72) was achieved after 30 min of GBS. No improvement in PCE was observed 
after more than 30 min of GBS. 
For further enhancement, we applied the GBS method to a co-sensitization process using both N719 and 
a porphyrin dye (YD2).13 Using 30 min as the optimal GBS duration, we treated the 7-μm-thick porous 
TiO2 film first with 20 min in N719 and then 10 min in YD2. The cooperation between the dyes led to 
highly enhanced PCE (η = 9.0%, VOC = 0.72 V, JSC = 16.4 mA·cm-2, and FF = 0.76) in the device, 
corresponding to ~17% enhancement compared with that after a much longer dual-OS treatment (10 h for 
N719 and 5 h for YD2). The J-V curves with the best performance are shown in Figure 4.3. Moreover, in 
OS the dye adsorption could be significantly accelerated by using highly concentrated dye solutions (1 mM) 
according to Eq.4.1. However, the corresponding device performance gradually deteriorated with 
increasing soaking time (Table 4.4), which was attributed to severe dye aggregation.14 This problem was 
solved in GBS, demonstrated by time-resolved fluorescence measurement. Detailed explanation is 
presented with Figure 4.4 as below.
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VOC      
(V)
JSC      
(mA cm-
2)
FF       
(%)
ηa        
(%)
Dye capacity   




4 min 0.71 6.8 74.6 3.6 0.26
8 min 0.71 8.2 74.1 4.3 0.31
15 min 0.75 9.9 70.2 5.2 0.37
30 min 0.78 10.1 69.7 5.5 0.44
OS 12 h 0.77 9.3 73.6 5.3 0.83
7
GBS
4 min 0.70 7.7 75.7 4.1 0.57
8 min 0.71 9.8 76.3 5.3 0.81
15 min 0.72 13.2 74.5 7.1 0.88
30 min 0.72 15.7 72.2 8.1 0.91
60 min 0.74 14.6 72.9 7.8 1.02






GBS 20 + 10 min 0.72 16.4 75.6 9.0 N/A






2 min 0.65 13.5 70.1 6.2 0.39
4 min 0.65 13.6 72.1 6.4 0.47
8 min 0.67 13.9 69.7 6.5 0.57
15 min 0.67 14.3 69.6 6.7 0.69
30 min 0.68 15.5 68.6 7.2 0.79
OS 5 h 0.67 12.9 71.1 6.2 1.24
7
GBS
2 min 0.66 7.9 73.2 3.8 0.39
4 min 0.63 10.9 73.9 5.1 0.51
8 min 0.65 11.6 73.7 5.5 0.89
15 min 0.66 13.4 73.2 6.4 1.20
30 min 0.67 13.9 73.4 6.9 1.43
OS 7.5 h 0.67 13.4 70.6 6.4 2.26
a The power conversion efficiency was evaluated as   = (    ·     ·   )    ⁄ , where Pin is the incident light 
intensity (1000 W·m-2), VOC is the open circuit voltage, JSC is the photocurrent density, and FF is the fill 
factor. A black mask (0.5 cm × 0.5 cm) was always attached on the DSCs to prevent overestimation. The 
electrolyte was composed of 0.055M iodine, 0.025M lithium iodide, 0.05M guanidine thiocyanate, 0.6M 
1,2-dimethyl-3-propylimidazolium iodide and 0.5M 4-tert-butylpridine in a mixture of acetonitrile and 
valeronitrile (v/v, 85/15)
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VOC      
(V)
JSC      
(mA cm-2)
FF       
(%)
ηa        
(%)
Dye capacity   
(× 10-7 mol cm-2)
DAHTDTT 1 1.8 OS
2 min 0.69 12.4 72.4 6.2 0.43
4 min 0.69 12.4 71.1 6.1 0.49
8 min 0.69 12.1 70.6 5.9 0.51
15 min 0.69 11.1 70.3 5.4 0.57
30 min 0.68 10.9 70.8 5.2 0.63
60 min 0.67 10.6 71.7 5.1 0.69
Figure 4.3 Photocurrent density-voltage curves of DSCs with 7-μm-thick active layer based on single 
(N719) and co-dyes (N719 + YD2), using different dyeing conditions.
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Dyeing Method Dependent Dye Aggregation     In dyed TiO2 film, the exciton lifetime in dye monolayer 
is strongly influenced by the intermolecular distance because charge separation (nonradiative self-
quenching) easily occurs between closely neighboring dye molecules. We prepared the dummy cells 
consisted of dyed zirconium dioxide (ZrO2) film-coated FTO glass and pure one as the counterpart, which 
were filled with the inert electrolyte. We compared three dyeing conditions, such as 15 min of GBS (0.2 
mM), 90 min of OS (0.2 mM), and 60 min of OS (1 mM), because similar dye capacities were obtained in 
these conditions (Table 4.1). According to dyeing condition, average exciton lifetimes were clearly 
different, despite the same dye (DAHTDTT). Figure 4.4 shows fluorescence decay signals and 
corresponding fitting parameters are summarized in Table 4.5. The longest exciton lifetime is provided by 
GBS_0.2 mM_15 min (224 ps), followed by GBS_0.2 mM_90 min (74 ps) and OS_1 mM_60 min (18 ps). 
This indicates that the least intermolecular self-quenching occurs after 15 min of GBS (0.2 mM) process. 
This is attributed to well-balanced dye dispersion in ZrO2 film, leading to low probability of dye aggregation. 
These results are well agreeing with other findings as mentioned later.
Figure 4.4 Transient PL signals obtained from the dyed ZrO2 film surrounded by inert electrolytes.
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Table 4.5 Fitting Parameters for Estimating Average Exciton Lifetimes from Figure 4.4
τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 τexc (ns)
GBS_0.2mM_15min 1287 1.572 29829.6 0.103 8365.6 0.451 0.224
OS_0.2mM_1.5h 993.2 1.165 76542.9 0.044 7898.7 0.233 0.074
OS_1mM_1h 121.7 1.716 218449.7 0.012 19115.3 0.069 0.018
The most noticeable finding here is the inverse correlation between JSC and dye capacity. For N719, the 
highest JSC was obtained after 30 min of GBS for the 1.8 and 7-μm active layers despite a lower dye capacity. 
A more extreme difference was observed with DAHTDTT. Although 5 h of OS produced a dye capacity of 
1.24 × 10-7 mol cm-2 in the 1.8-μm active layer, which is more than three times that after 2 min of GBS 
(0.39 × 10-7 mol cm-2), the device fabricated using GBS exhibited higher JSC values. Therefore, the enhanced 
performance cannot be explained in terms of increased dye capacity. Instead, we propose the following
mechanism for GBS. Gas flow generates a physical driving force through the porous TiO2 film, pushing 
the dye molecules to the bottom of the film and accelerates the dye infiltration. The result is dispersed dye 
molecules deep inside the porous TiO2 film, which increases the surface coverage of dye. The high dye 
coverage reduces charge recombination, owing to decreased contact area between the TiO2 particles and 
the electrolyte. This hypothesis is supported by the experimental results as discussed below.
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Plasmon Sensor Study of Dye Infiltration     We first fabricated plasmon sensors as shown in Figure 
4.5, consisting of ca. 20-μm-thick porous TiO2 film and Au nanoparticle-coated fluorine-doped tin oxide 
(FTO) substrate (see Experimental Section for details).15 In Figure 4.5e, energy-dispersive X-ray 
spectroscopy (EDX) data confirmed the existence of Au nanoparticles at the interface between FTO and 
TiO2 film. The nanoparticles exhibited intrinsic absorbance peak near 650 nm due to their localized surface 
plasmon resonance (LSPR). According to previous studies, the plasmon oscillational frequency (energy) is 
proportional to the free electron density at the surface of each metallic nanoparticle.16-17
In our case, a gradual blue-shift and proportionally growing amplitude in the LSPR peak were observed 
with increasing soaking time, indicative of increased oscillational electron density near the Au 
nanoparticles.18 This was attributed to the photoelectron injection from the anchored dye molecules: if dye 
molecules could pass through the porous TiO2 film during soaking to reach the oscillational range of Au 
nanoparticles at the bottom of the film, they would supply additional photoelectrons under electromagnetic 
radiation to further activate the LSPR.19 Therefore, we used the blue-shift of LSPR peak after dyeing to 
investigate the amount and speed of dye infiltration into the porous TiO2 film. Figure 4.6 shows the 
absorbance spectra from the plasmon sensors before and after treating with 0.08 mM N719, and the overall 
results are summarized in Figure 4.5f. Remarkable blue-shift (from 652 to 647 nm) appeared in the LSPR 
peak after only 8 min of GBS and became quickly saturated after 15 min with 8 nm of blue-shift. In contrast, 
even after 30 min of OS the blue-shift was slight (from 649 to 647 nm) and saturated in 1 h with a maximum 




Figure 4.5 (a) Schematic representation of plasmon sensor consisted of FTO layer, Au nanoparticle layer, 
and dyed porous TiO2 layer: (b) In plasmon sensor, dyes supply photoelectrons under electromagnetic 
radiation so that intrinsic LSPR peak is blue-shifted. (c) Cross section SEM image of plasmon sensor. (d) 
Enlargement of interface between FTO and porous TiO2 layer. (e) EDX result in the selected area (red 
rectangle in Figure 3d), indicating the existence of Au. (f) LSPR peak blue-shift according to GBS and OS 
soaking time. Note that GBS gives much faster initiation, saturation, and higher maximum values of peak 
blue-shift than OS. TOF-SIMS depth profiles of N719-sensitized TiO2 films according to dyeing condition: 
(g) 15 min of GBS and (h) 1 h of OS. Note the difference in Ru+ signals (Purple square) between them.
Dye Distribution from TOF-SIMS Analysis     TOF-SIMS was employed to directly map the density of 
dye molecules, by presenting the depth-dependent signal intensities of cations extracted at different depths 
in the porous TiO2 film.20 The samples were prepared with ~7-μm porous TiO2 film on FTO glass, dyed in 
0.08 mM N719 solution using either 15 min of GBS (Figure 4.5g) or 1 h of OS (Figure 4.5h). 
Strong Ti+ signal appeared on the top of the porous TiO2 film, with weak Si+ signal corresponding to a 
trace amount of SiO2 impurity. The Ru+ signals was simultaneously detected in both samples, corresponding 
to the N719 molecules. However, in the sample treated with OS, the Ru+ signal rapidly decayed with depth, 
while in that treated with GBS the decay continued to a depth of ~7-μm. When the signal of Ru+ decayed 
completely, those of Sn+ and Si+ dramatically increased, indicating the exposure of the FTO glass. These 
findings clearly suggest that GBS creates a more even dye distribution inside the porous TiO2 film, which 
is in good agreement with the findings from the LSPR study and strongly supports our hypothesis.
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Figure 4.6. The evolutions of absorbance peak of plasmon sensors after dyeing, presented according to 
dyeing condition, such as (a) 2 min of GBS, (b) 8 min of GBS, (c) 15 min of GBS, (d) 15 min of OS, and 
(e) 30 min of OS. Note the same peak blue-shift (2 nm) between 2 min of GBS and 30 min of OS, indicative 
of much faster dye infiltration when using GBS.
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The Influence of Dye Distribution on Charge Transport     Uneven distribution of dye molecules in the 
active layer causes many dye-free sites, which retard the charge transport in the DSCs.21 Figure 4.7a
schematically shows that the charge transport is slower across a longer series of dye-free sites (left, uneven 
dye distribution) and vice versa. We investigated the transport of photoinjected electrons in a 7-μm-thick 
active layer, using controlled intensity modulated photo spectroscopy (CIMPS). 
The charge transport time (τd) and  the minimum angular frequency (fmin) in CIMPS response are related 
by    = 1     ⁄ = 1 2     ⁄ .
22 Figure 4.7b shows the estimated τd as a function of the incident photon 
flux (λ = 503 nm). As expected, charge transport in the active layer becomes faster with longer GBS 
treatment. A GBS duration of only 15 min is sufficient to produce a shorter τd value than that after 15 h of 
OS. The shortest τd was recorded in DSCs fabricated using 30 min of GBS. Another simple comparison 
criterion is the frequency-dependent photocurrent efficiency, namely the ratio of imaginary part of 
photocurrent response to the light intensity (130 W m-2), which is presented in Figure 4.7c as a function of 
the sinusoidal frequency superimposed on the DC bias of the light source.23 The peak frequency gradually 
increases with increasing GBS time, implying a trend of decreasing dye-free sites as the sample is treated.
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Figure 4.7 (a) Difference in charge collection kinetics according to the dye distribution, slow (left) and fast 
(right) charge transport with long and short dye-free sites, respectively. (b) Charge transport times from 
N719-based DSCs using a 7-μm-thick active layer as a function of incident photon flux (503 nm, 130 W 
m−2) and (c) corresponding imaginary component of photocurrent response depending on the modulation 
frequency applied on the light source bias. Faster charge transport with increasing GBS time indicates more 
occupied dye-free sites.
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Impedance Analysis of Dye Surface Coverage     Ultimately, the dye distribution inside the active layer 
affects charge transport as well as the dye coverage on the surface of TiO2 nanoparticles, which is associated 
with the recombination rate between photoinjected electrons and oxidized redox mediators. 
Electrochemical impedance spectroscopy (EIS) analysis was performed under one sun condition, in order 
to study the dye surface coverage in terms of charge transfer resistance (RCT) and chemical capacitance (Cμ). 
The resultant Nyquist plots and fitting parameters are presented in Figure 4.8a and Table 4.6, respectively.
The value of RCT in the porous TiO2 film, as the emerging semicircle form at intermediate frequency 
regime, gradually decreases with increasing GBS time. A minimum RCT value of 12.52 Ω was recorded in 
the DSC using 30 min of GBS, while that using 15 h of OS was 13.21 Ω. We highlight a correlation between 
the dye capacity and Cμ, which represents the charge accumulation in the TiO2 phase.24-25 Considering the 
condition of one sun illumination, Cμ should be proportional to the amount of anchored dye molecules. 
However, the contrary trend was observed: 30 min of GBS produced the highest Cμ value, even though the 
corresponding dye capacity was less than that after 15 h of OS.
This extraordinary situation can be explained in terms of the charge recombination time (      =
1     ⁄ = 1 2     ⁄ ), estimated from the inverse of minimum angular frequency in Nyquist plots. The 
trend of τrec is in accordance with that of Cμ, meaning that longer τrec (low charge loss) is the decisive factor 
to achieve high Cμ. The resident dye molecules deep inside the TiO2 film are expected to reduce the 
exposure of TiO2 particles to the electrolyte, thereby reducing the back reaction between the photoinjected 
electrons and oxidized redox mediators. Therefore, it is a key factor for improved device performance, in 
conjunction with fast charge collection.
Table 4.6 Fitting Parameters from Nyquist Plots and Extracted Charge
RS (Ω) Rdl (Ω) RCT (Ω) Cμ (μF) τrec (ms)
Qext a delay 
0s (μC cm-2)




GBS_4min 6.29 9.69 20.84 178.11 2.52 28.81 6.63 0.57
GBS_8min 6.44 6.12 18.43 285.13 3.18 26.30 6.29 0.81
GBS_15min 7.15 5.58 16.75 394.85 3.56 32.68 9.39 0.88
GBS_30min 6.83 5.92 12.52 472.91 4.49 39.01 17.08 0.91
OS_15h 7.43 5.71 13.21 361.62 3.56 50.01 11.78 1.31
a Charge extraction was performed in shielded black box using monochromatic light source (λmax = 503 nm, 
100 W m-2). Discharging current was fixed at 10 μA.
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Figure 4.8 (a) Nyquist plots from N719-based DSCs using 7-μm-thick active layer according to dyeing 
condition. Inset is the equivalent circuit used for fitting. EIS was conducted at one sun illumination, 
applying a 10 mV AC modulation overlapped in DC forward bias (−VOC) with the frequency ranging from 
106 to 10−1 Hz. Charge extraction process of (b) without delay and (c) with delay represented by VOC (solid 
line) and Qext (dashed line) as a function of progress time. Note the differences in Qext between 30 min of 
GBS and 15 h of OS before and after delay.
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Correlation between Dye-Free Sites and Charge Loss     To further understand the dye surface coverage, 
we compared the charge loss in the active layer under dark condition, using the charge extraction method 
proposed by Duffy et al.26 The active layer in DSCs can be described as a reservoir in which photoinjected 
electrons are stored, and the dye-free sites in it are drains through which these electrons recombine with the 
oxidized redox mediators. Firstly, the DSCs are illuminated at open circuit state for sufficient time to reach 
charge equilibrium. After 15 s, the light is switched off and the devices are synchronously converted into 
short-circuit state to measure the extracted charge (Qext), which together with VOC, is presented as functions 
of time in Figure 4.8b, c. In both cases, VOC reaches an equilibrium value in a few seconds after the light 
is turned on, while Qext stays at zero (charging). In Figure 4.8c, as soon as the light is off, arising vertical 
dashed lines indicate the conversion into short circuit state (discharging), which also reaches equilibrium 
in a few seconds. As expected, Qext is proportional to the dye capacity. The Qext value after 15 h of OS 
(50.01 μC cm-2) is higher than that of 30 min of GBS (39.01 μC cm-2).
For comparison, we left the devices in the dark for 5 s before converting into short circuit state 
to allow charge loss through the dye-free sites. In Figure 4.8c, the attenuating VOC between 15–20 
s indicates the charge loss in the dark at open circuit state (delay). After the 5-second delay, there 
is the inverted order of Qext between 15 h of OS (11.78 μC cm-2) and 30 min of GBS (17.08 μC 
cm-2). This is quite different from the case without delay (Figure 4.8b) and clearly indicates that 
much more charge is lost in DSCs fabricated with OS than those with GBS, because of the many 




In summary, up to now there has been no report on controlling the dye distribution in 
mesoporous TiO2 film, although it is a very important factor in the performance of DSCs. For this 
purpose, we developed a sustainable and efficient dye arrangement method, gas bubbling soaking 
(GBS). Compared to the conventional method of overnight soaking (OS), GBS facilitates even dye 
distribution within the porous TiO2 film, resulting in enhanced PCEs and significantly shortened 
DSC fabrication time. We achieved ~17% higher PCE (η = 9.0% with VOC = 0.72 V, JSC = 16.4 
mA·cm-2, and FF = 0.76) using dual-GBS than that using optimal duration of dual-OS with 7-μm-
thick active layer. The physical driving force generated by gas flow during the GBS process is 
responsible for such improvements. The flowing gas carries dye molecules to the bottom of the 
active layer with it, while during OS most dye molecules stay near the top of the active layer. This 
finding was confirmed by plasmon sensor study and TOF-SIMS depth profiles. The well-balanced 
dye dispersion in the active layer created by GBS leads to extensive dye coverage on the TiO2
surface and fewer dye-free sites. The resulting fast charge transport and decreased charge loss in 
the active layer improved the PCE in the device. This interpretation was explicitly confirmed by 
thorough experimental methods. This study suggests that GBS is a promising method for industrial 
production of DSCs, due to its sustainability, low-cost, and scalability.
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4.4 Experimental Section
Dyeing Methods     For the gas bubbling soaking (GBS) process, the prepared porous TiO2 film substrate 
was placed face-up in a vessel whose opening was blocked except for some vents to avoid vessel damage 
due to excessive pressure. The vessel was filled with the dye solution. Then gas was injected into the vessel 
through a needle, followed by emission through vents. As shown in Figure 4.9, we tried a different size of 
vessel according to the object size. The gas injection pressure was controlled depending on the in-vessel 
volume and the number of gas injection entrance, ranging from 1 psi (left side in Figure 4.9) to 5 psi (right 
side in Figure 4.9). We used mainly N2 gas for the GBS process, but CO2 and air were also used for 
comparison. Considering the continuous vaporization of volatile solvent, we regularly added solvent so that 
the concentration of dye solution hardly changed during the soaking. In the conventional overnight soaking 
(OS) process, the same substrate was immersed in the dye solution at room temperature under dark 
condition for the desired duration.
Figure 4.9 The photographs of experimental apparatus for GBS process. The size of vessel can be 
controlled depending on the object size. Considering the in-vessel volume and the number of gas injection 
entrance (purple arrow), the gas injection pressure is controlled from 1 psi (left side) to 5 psi (right side). 
Some vents (blue arrow) are needed for avoiding vessel damage due to excessive pressure.
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Plasmon Sensor Fabrication     Plasmon sensors were fabricated in the following four steps. Firstly, a 
10-nm Au layer was coated onto the cleaned FTO glass using a thermal evaporator at the rate of 1 × 10−1
nm s−1. Then the Au-coated FTO glass was heated at 500 °C for 3.5 h under argon flow, so that Au 
nanoparticles (with an average diameter of 40 nm) evolved from the amorphous Au layer.27 Thirdly, a 10-
nm-thick, dense TiO2 layer was added on top of the Au layer, using atomic layer deposition (ALD, Lucida 
D100, NCD CO., LTD.), acting as an oscillational energy amplifier as well as a shield of Au nanoparticles 
against the external environment. Lastly, a mesoporous TiO2 layer (~20 μm) was formed by screen-printing 
commercial TiO2 paste and then sintering at 500 °C for 30 min. The absorption spectra of plasmon sensors 
before and after dyeing were recorded by the R928 photomultiplier tube of a UV-vis-NIR 
spectrophotometer (Cary 5000, Agilent Technologies, Inc.), with a connected diffuse reflectance accessory 
(DRA2500) for exact measurement. The morphological images and element data of the specimens were 
obtained from a cold field emission-scanning electron microscope (FE-SEM, SU-8220, Hitachi). The X-
ray diffraction (XRD) analysis was conducted with a D8 ADVANCE system, with DAVINCI (Bruker AXS) 
diffractometer using Cu Kα radiation operated at 40 kV and 40 mA, for identifying the crystallinity of each 
specimen.
Plasmon Sensor Characterization     Figures 4.10a–4.10d shows the photographs of corresponding 
fabrication step. Their intrinsic color transition results from the change in absorption property as shown 
Figures 4.11a–4.11d. The optical property in plasmon sensor originates from the interactions between 
incident light and surface electrons on gold (Au) film or nanoparticles.28 At first step, no apparent peak, 
weak absorbance through wide range of wavelength corresponds to electromagnetic field propagation along 
the surface of Au layer. The appearance of small peak at second step implies the evolution of Au 
nanoparticles from amorphous layer, clearly proved in SEM images (Figure 4.12a and 4.12b) and XRD 
patterns (Figure 4.12c). They look like rocky islands of average 40 nm diameter. In XRD patterns, their 
diffraction peaks at second step are too small to detect because thermally deposited Au layer is too thin (< 
10 nm). Nevertheless, all peaks well match the (111), (200), and (220) Bragg reflections (2θ = 38.178°, 
44.374°, and 64.559°) corresponding to JCPDS card (NO. 4-784).29 The most critical change occurs at third 
step. ALD-deposited dense TiO2 film (10 nm of thickness) covering Au nanoparticles acts as plasmon 
oscillational energy amplifier as well as shield against the surrounding environment, as evidenced by 
rapidly increased intensity of absorbance peak. Additionally, absorbance peak largely red-shifts from 556 
nm to 648 nm, indicating higher refractive index near Au nanoparticles after deposition of dense TiO2 layer. 
Lastly, screen-printed mesoporous TiO2 film has a negligible impact on the position and intensity of 
absorbance peak.
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Figure 4.10 The photographs of plasmon sensors at each fabrication step, (a) first, (b) second, (c) third, and 
(d) forth step. Figure S5d shows all plasmon sensors after dyeing at various conditions using 0.08 mM 
N719 solution.
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Figure 4.11 Absorbance spectra from plasmon sensors at each fabrication step, (a) first, (b) second, (c) 
third, and (d) forth step. Note the rapidly amplified intensity and large red-shift of absorbance peak from 
second to third step.
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Figure 4.12 The plane SEM images in (a) low and (b) high magnification and (c) XRD patterns of plasmon 
sensor at second step. We identify the uniformly distributed rocklike Au nanoparticles of average 40 nm 
diameter. Refer to peak position of Au particles in JCPDS card (NO. 4-784) for easier comparison.
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Time-of-flight Secondary Ion Mass Spectrometry     The dye density as a function of depth in the porous 
TiO2 film was acquired using TOF-SIMS (TOF.SIMS 5, ION-TOF GmbH) with a high maximum mass 
range (> 9000 u). The spectra were recorded in the positive ion mode at high mass resolution (  ∆ ⁄ , > 
10000 for Bi+). Depth profiling was carried out in the dual beam mode at a repetition rate of up to 50 kHz. 
In this interlaced mode, the first ion beam (O2, 2 keV) was used to bombard the desired area, and the second 
ion beam (Bi1, 25 keV) was used to progressively analyze the bottom of the crater. The analytical beam 
was incident on a small area in the crater (25 × 25 μm2) to avoid the crater edge effect.30 Perfect charge 
compensation was applied to the insulating TiO2 film, due to the very efficient electron flood gun (20 eV). 
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Chapter 5. Light Intensity Dependent Photo-energy Conversion/Storage 
Efficiency of Dye-sensitized Solar Battery (DSSB)
5.1 Introduction
Over the past decades, there have been many projects on the future depletion of the natural resources and 
the increasing green-house effect, trying to develop various renewable energy technologies.1-3 In addition 
to that, the effective power management allows us to save a huge amount of surplus energy. Especially, 
power consumption in buildings runs to nearly 40% of the whole power consumption. In this reason, 
building energy management system industries are growing rapidly so that indoor environment-customized 
ubiquitous power supplies are increasingly required.4-6 With indoor lighting as an open and inexpensive 
power source, photo-rechargeable batteries (PCBs) are promising systems as indoor power supplier because 
of simultaneous photo-energy conversion and storage.7-11 For applying to indoor environment, photovoltaic 
part in PCB should meet the following requirements: (1) efficient conversion of indoor lighting power, (2) 
impervious to incident lighting conditions, (3) aesthetic impression, and (4) flexibly controllable open 
circuit voltage. Dye-sensitized solar cells (DSCs) definitely meet all requirements, so that we adopted DSC 
as a photo-energy converter in PCB.12-16
As the counterpart for energy storage, many kinds of supercapacitors have been employed due to their 
high power density17-27, but have intrinsic problems such as low energy density and fast self-discharge.28
Lithium ion batteries (LIBs) have been suggested as an alternative energy storage part because of high 
energy density and long cycle-life. However, any photovoltaic cells in a single unit cannot meet their high 
operating voltage (in general, > 3 V), requiring tandem structural photovoltaic part.29 Instead, Liming Dai 
group proposed serial connected perovskite solar cell pack to photo-charge LIB, in which system 
photovoltaic cell pack and LIB were separated and wire-connected.30 Moreover, most active materials for 
LIB have considerably positive Li+ ion active potential (over 4 VLi+/Li corresponding to 1 V vs. normal 
hydrogen electrode, NHE), so that it is difficult to deliver sufficient output voltage (VdCh) in combination 
with any photovoltaic electrodes. Some groups reported photo-assisted rechargeable system instead, in 
which photo-energy was used for reducing external applied voltage during charging.31-33 Unfortunately, 
these efforts were far away from all-in-one PCB that satisfies following issues:
i. Being able to charge LIB by a single unit photovoltaic cell
ii. Efficient use of a space
iii. No over-charging problem.
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In this work, we developed the photo-rechargeable all-in-one dye-sensitized solar battery (DSSB) using 
thin graphitic layer-coated lithium manganese oxide (LiMn2O4) as the electrode-immobilized storage 
material. LiMn2O4 is common cathode materials for LIB with two reaction regions, 3 and 4 VLi+/Li. 
Generally, 3 VLi+/Li region is relatively inactive, but introduction of thin graphitic shells allow good Li+ ion 
reactivity in 3 VLi+/Li region.34 Contrary to 4 VLi+/Li region, it is suitable to make VdCh that is defined as redox 
potential gap between charge regenerator and storage material. This modified LiMn2O4 storage-electrode 
was combined with dye-sensitized TiO2 photo-electrode to realize an all-in-one external power-free PCB. 
We introduced three kinds of redox mediators as charge regenerator for oxidized dye such as I−/I3−, 
Co2+/3+(bpy)3(PF6)2/3, and Cu+/2+(dmp)2TFSI1/2 and investigated the impact of their electrochemical kinetics 
on the photo-charging/discharging performance depending on light intensity. As for standard light intensity
(1 sun, 1000 W m−2), the regeneration ability of redox mediator determined photo-charging current density 
(JCh) and thus stored energy density (Estored) rather than VdCh. However, when photo-charged under dim 
lighting close to indoor lighting, all charge regenerators delivered similar JCh. As a result, overall photo-
energy conversion/storage efficiency (ηoverall) was mainly determined by VdCh, instead of JCh. This is totally 
different from the result under 1 sun condition. Our findings present the design strategy for indoor-
customized photo-rechargeable system.
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5.2 Results and discussion
The Working Principle of Dye-sensitized Solar Battery     DSSB is an all-in-one photo-electrochemical 
system based on 3-electrodes including dye-sensitized TiO2 photo-electrode (PE), surface-graphitized 
LiMn2O4 storage-electrode (SE), and catalytic-functionalized LISICON membrane-electrode (ME). Figure 
5.1a describes the structure and working principle of DSSB. The VdCh of DSSBs corresponds to the potential 
difference between reduction of charge regenerator and oxidation of Li2Mn2O4.35-36
The redox potential of storage material should be higher as much as possible compared to that of charge 
regenerator to maximize VdCh, while not exceeding the fermi level of TiO2 for external power-free photo-
charging. General cathode materials for LIB, lithium transition metal compounds, have too positive active 
potential to be utilized as storage material in DSSB. Among them, intrinsic LiMn2O4 has two Li+ ion 
reaction regions (3 and 4 VLi+/Li), but very poor reactivity in 3 VLi+/Li region due to the low electrical 
conductivity of the tetragonal phase of LiMn2O4. This limitation was overcome by high-energy ball-milling 
process that resulted in nano-sizing and surface-graphitization of LiMn2O4, facilitating use of 3 VLi+/Li
region for energy storage (Figure 5.1b).34 This modified LiMn2O4 was key factor for realization of all-in-
one DSSB. 
Next, two kinds of liquid electrolytes (catholyte containing charge regenerators and supporting electrolyte 
for SE) fill both PE and SE sides, physically separated by ME. The Y123 organic dye having donor-π-
acceptor structure was employed as sensitizer because of its good compatibility with metal complexes as 
well as iodine charge regnerators (I−/I3−).37 0.8 M LiClO4 in acetonitrile was introduced at the SE side as a 
supporting electrolyte. We selected three types of charge regenerators such as I−/I3−, Co2+/3+(bpy)3, and 
Cu+/2+(dmp)2 to investigate their impact on the photo-charging/discharging performance of DSSBs.38-42
They show the increasingly down-shifted standard potential in the order of I−/I3− < Co2+/3+(bpy)3 < 
Cu+/2+(dmp)2 (Figure 5.1c), but deteriorating electrochemical kinetics in the reverse order (Table 5.1). They 
are related with VdCh and JCh of DSSB, respectively. 
As for the working mechanism of DSSBs, photo-generated excitons from dyes are separated at the 
TiO2/dye interface and then oxidized dyes are reduced by charge regenerator (Eq.5.1).43 Collected photo-
electrons reach the SE through external circuit and successively reduce LiMn2O4 to Li2Mn2O4 (Eq.5.2), 
accompanying Li+ ions diffusion through ME for charge balance.44 A thin graphitic layer-coated LiMn2O4
we employed is electrochemically active near 0.2 V vs NHE (Figure 5.1c), so that photo-injected electrons 
in TiO2 network have sufficient driving force for external power-free photo-charging process.45 In this 
manner, incident photo-energy is directly converted and stored as chemical energy, which can be reversibly 
converted to electric energy whenever needed. In operation mechanism of DSSB, the charging amount 
depends on the amount of either dye or redox mediator so that there is no over-charging problem.36, 46-47
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Figure 5.1 (a) The structure and working principle of DSSB. Inset shows the molecular structures of Y123 
dye, Co+2/+3(bpy)3(PF6)2/3, and Cu+/+2(dmp)2TFSI1/2 at left side. (b) The schematic diagram of output voltage 
formation before (4 VLi+/Li) and after (3 VLi+/Li) surface-graphatization of LiMn2O4. (c) Cyclic 
voltammograms of Li2Mn2O4/LiMn2O4 (deep blue), I−/I3− (black), Co2+/3+(bpy)3(PF6)2/3 (red), and 
Cu+/2+(dmp)2TFSI1/2 (blue) in 0.1 M LiClO4 in acetonitrile. (d) The photo-charging profile for 5 min under 
one sun condition. Left shows 2-electrode position for the JCh measurement mode, where working and 
counter are connected with the PE and the SE, respectively. (e) Galvanostatic discharging profile at a 
discharging rate of −0.03 mA cm−2. Right shows 2-electrode position for the galvanostatic discharging 
mode, where working and counter are connected with the ME and the SE, respectively.


















Pin a (W m−2)
×10−4 ×10−5
250 400 650 1000 250 400 650 1000
I−/I3− 97 100 100 100 11.4 21.8 26.3 30.5 92.7 37.21 2.67 0.14 0.55
Co2+/3+(bpy)3 100 100 100 99 11.7 12.2 12.8 13.8 80.6 15.70 0.99 2.09 9.76
Cu+/2+(dmp)2 100 99 99 99 9.8 11.4 12.5 13.1 65.7 0.25 0.37 15.28 44.55
a Coulombic efficiency (ηQ) corresponds to the ratio of discharging capacity (QdCh) to photo-charging 
capacity (QCh):    =         ⁄ . Total stored energy density in LiMn2O4 (Estored) corresponds to the gross 
area below VdCh-QdCh curve. Pin was controlled by the number of mesh plate on the photo-active layer of 
DSSBs.
b Charge regeneration efficiencies were evaluated using TCSPC technique as follows:      = 1 −
(             ⁄ ), where τRedox and τInert are the PL lifetime of Y123 monolayer on ZrO2 surrounded by redox 
active electrolyte and inert electrolyte, respectively.
c Charge transfer resistance at the electrode/electrolyte interface (RCT, Ed/El) and Nernst diffusion impedance 
(Nbulk) are acquired from impedance spectra of symmetric cells.
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We firstly present the temporal photo-charging under 1 sun condition (1000 W m−2) and following 
galvanostatic discharging profiles with different charge regenerator in Figure 5.1d and 5.1e, respectively. 
For all the cases, initial JCh attenuates steeply along with charging time, which is attributed to the rapid 
depletion of reducing agent (charge regenerator) and up-shifted fermi level of LiMn2O4 due to charge 
storage.48-49 These phenomena diminish the driving force for photo-charging. I−/I3− shows the highest photo-
charging capacity (QCh) that is corresponding to the gross area below JCh-time curve for 5 min, followed by 
Co2+/3+(bpy)3, and Cu+/2+(dmp)2. The resulting discharging capacity (QdCh) tends to follow the tendency of 
QCh, resulting in 453 C g−1 for I−/I3−, 145 C g−1 for Co2+/3+(bpy)3, and 92 C g−1 for Cu+/2+(dmp)2. As expected, 
VdCh trend follows the order of standard potential of charge regenerator. Despite the lowest VdCh, I−/I3−
achieves the highest Estored of 30.5 mWh g−1 because its superior QdCh overcompensates it, which 
corresponds to the overall photo-energy conversion/storage efficiency (ηoverall) of 0.79%. The ηoverall is 




                                                                                                                               (5.3)
Where Pin is the incident light intensity, A is the active area of PE, and tCh is the photo-charging time. We 
also checked the performance of DSSBs at different light intensities, 650, 400, 250 W m−2. It is observed 
that all the charge regenerators provide almost 100% of Coulombic efficiency (ηQ) at all light intensities 
(Table 5.1). These results clearly show that photo-charging and following discharging are considerably 
influenced by charge regenerator. As for the origin of different JCh, it is definitely related with charge 
injection current according to the charge regenerators. More detailed explanation will be following in next 
section.
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Photo-charging/discharging Performance depending on the Regenerator     The measured JCh can be 
expressed using the photo-charge injection current density (Jinj) and the charge loss current density (JLoss)
as described in Figure 5.2a50-52:
    =      −                                                                                                                                       (5.4)
From this, Jinj was estimated as a function of light intensity (see explanation of Figure 5.3 for details). 
As shown in Figure 5.2b, I−/I3− exhibits always the highest Jinj and is followed by Co2+/3+(bpy)3 and 
Cu+/2+(dmp)2. We pay attention to fact that the Jinj trend well matches that of JCh and reach an understanding 
that JCh trend is mainly determined by Jinj. It is given by dividing measured photo-current density (JSC) , 
here JCh, by charge collection efficiency (ηCC) as Eq.5.553:
     =        ⁄ =        ⁄ =                                                                                                      (5.5)
Where q is the elementary charge, I0 is the incident photon flux, ηlh is the light harvesting efficiency, ηinj
is the charge injection efficiency, and ηreg is the charge regeneration efficiency. Given the facts that All PEs 
were fabricated in the same conditions and only charge regenerator was controlled, ηreg must be decisive 
factor for the Jinj. The ηreg values were estimated by transient photoluminescence (PL) decay method, in 
which PL lifetimes of Y123 monolayer on ZrO2 were compared according to the presence of charge 
regenerator in the electrolyte (see Table 5.2 for detailed procedure).54 Figure 5.4 shows resulting PL decay 
signals with different charge regenerator and quantitative values are summarized in Table 5.2. The 
maximum ηreg is recorded with I−/I3− (93%), while Co2+/3+(bpy)3 and Cu+/2+(dmp)2 provide relatively lower
ηreg values (81% and 66%, respectively). This well matches the Jinj as well as JCh trends.
Further detailed discussion on ηreg will be followed because the charge regeneration ability of redox 
mediators in DSCs can be affected by following three factors: (1) potential difference (driving force) 
between ground-state oxidation of dye and standard potential of charge regenerator, (2) charge transfer rate, 
and (3) ionic diffusion coefficient.55-57 We evaluated the charge transfer and diffusion ability of three types 
of charge regenerators in terms of rate constant (k0), ionic diffusion coefficient (D) measured by linear 
sweep voltammetry and charge transfer resistance at the electrode/electrolyte interface (RCT, Ed/El), Nernst
diffusion impedance in the electrolyte (Nbulk) measured by impedance spectroscopy, respectively (detailed 
explanations are in Experimental Section).58-60 As summarized in Table 5.1, I−/I3− provides the highest k0
(37.21×10−4 cm s−1) and D (2.67×10−5 cm2 s−1), followed by Co2+/3+(bpy)3 and Cu+/2+(dmp)2. Accordingly, 
the RCT, Ed/El and Nbulk appear in the following order: Cu+/2+(dmp)2 > Co2+/3+(bpy)3 > I−/I3−. We note the 
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extremely low RCT, Ed/El (0.14 Ω) and Nbulk (0.55 Ω) for I−/I3−. All kinetic parameters are consistent with the 
trend of ηreg, which definitely explains why I−/I3− best preforms as charge regenerator in DSSBs.
As for the galvanostatic discharging process in which oxidized charge regenerators are reduced at the 
ME/catholyte interface (Figure 5.2a), the reactivity and diffusion ability of charge regenerator are closely 
connected with discharging rate-dependence of ηQ. Figure 5.2c shows the discharging rate-dependence of 
ηQ with different charge regenerator. For all cases, DSSBs are photo-charged for 5 min under 1 sun 
condition before discharging. As the discharging current increases, I−/I3− keeps up with the QCh even at 
−0.28 mA cm−2 of discharging rate and thus facilitates almost 100% of ηQ. However, Co2+/3+(bpy)3 and 
Cu+/2+(dmp)2 show irreversible QdCh, especially Cu+/2+(dmp)2 exhibits poor ηQ below 70% even at −0.28 
mA cm−2 of discharging rate. This result corresponds to the order of k0 and D, I−/I3− > Co2+/3+(bpy)3 > 
Cu+/2+(dmp)2. However, photo-charging/discharging performance of DSSB was totally different under dim 
lighting conditions close to indoor light intesity.
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Figure 5.2 (a) Factors influential for photo-charging and galvanostatic discharging performance. Under the 
illumination, photo-charge is injected (Jinj) from dye and diffuses through TiO2 network until either 
collected (JCh) at the electrode or recaptured (JLoss) by oxidized charge regenerator. During the galvanostatic 
discharging, oxidized charge regenerator is reduced again at the ME/catholyte interface. (b) The Jinj profile 
as a function of incident light intensity, estimated using the JCh and JLoss. (c) Discharging rate-dependence 
of ηQ. Symbols corresponds to experimental values, while trend lines are fitted.
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Figure 5.3 (a) Photo-charging current (JCh) and (b) charge loss current (JLoss) as a function of photon flux. 
JLoss is derived from recombination time that is derived from cutoff angular frequency (ωcutoff, IMVS) of photo-
voltage efficiency frequency response spectra in the complex plane and (c) the extracted charge amount 
(Qext) from the TiO2 network at the open circuit state under the illumination (      =        ,          ).
Figure 5.4 PL decay signals detected from Y123 dyed ZrO2 layer surrounded by different redox mediator: 
(a) I─/I3─, (b) Co+2/+3(bpy)3(PF6)2/3, and Cu+/+2(dmp)2TFSI1/2.
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Table 5.2 Fitting parameters for estimating average exciton lifetimes in Y123 monolayer on ZrO2 and 
regeneration efficiency according to redox mediator.
Concen. 
(mol)
A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τext a (ns) ηreg b
Inert - 28857.4 0.276 3729.0 1.026 272.3 2.873 0.382 0
I─/I3─ 0.2 / 0.1 262804.0 0.010 14172.6 0.311 620.3 1.428 0.028 0.927
Co2+/3+ 0.2 / 0.06 72535.1 0.023 12351.3 0.327 452.5 1.373 0.074 0.806
Cu+/2+ 0.2 / 0.04 26355.0 0.048 8408.0 0.344 314.5 1.331 0.131 0.657
a Exciton lifetime was estimated by fitting transient PL spectra, followed by equalization of the whole 
spectra. FlouFit software was employed for fitting with a multi exponential model,  ( ) =





, where IRF(t') is the experimentally measured instrument response 
function (lamp function), Ai is the amplitude of the ith component at time zero in counts, τi is the lifetime of 
the ith component and t is the time shift between IRF(t') and decay. For determining the average exciton 
lifetime, three exponential functions were used and quantitative values were derived from the resulting 
fitting signals by equalizing fitting signals as follows:  ( ) =    
 (    ⁄ ) +    
 (    ⁄ ) +    
 (    ⁄ ).
b Regeneration efficiency was estimated as follows:      = 1 −  
      
         , where τredox is the exciton 
lifetime of dyes with redox mediator in the electrolyte, and inert is the exciton lifetime of dyes with inert 
electrolyte
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The Photo-Energy Conversion/Storage Performance under Dim Lighting     We carried out photo-
charging of DSSB under dim lighting. To simulate the condition of dim lighting, a commercial white LED 
was employed and the active layer of PE was covered with the self-made mesh plate. Incident light intensity 
flexibly varied according to the number of mesh plate (see Figure 5.6 and Table 5.4 for actual lighting 
system and intensity). Under dim lighting conditions, the performance of DSSBs are evaluated in terms of 
the ηoverall (Figure 5.5a and Table 5.3).
It is noteworthy that the trend of ηoverall changes when attenuating the light intensity. I−/I3− and 
Co2+/3+(bpy)3 deliver the similar ηoverall (ca. 8.7% and 9.0%) at an intensity of 8.85 W m─2 (2670 lux), while 
Cu+/2+(dmp)2 delivers relatively lower ηoverall (7.3%). However, Cu+/2+(dmp)2 starts overtaking others from
an intensity of 5.08 W m─2 (1520 lux) and eventually reaches the best ηoverall (8.8%) at an intensity of 1.37
W m─2 (410 lux), corresponding to general office illuminance.61-63 Co2+/3+(bpy)3 also delivers good ηoverall
(7.9%) at the same intensity, even though it is slightly lower than that of Cu+/2+(dmp)2.
To explain the ηoverall trend, we observed the photo-charging and galvanostatic discharging profiles 
(Figure 5.5c – 5.5h). At an intensity of 8.85 W m─2, I−/I3− shows the highest JCh and thus QdCh while the 
Cu+/2+(dmp)2 delivers the highest VdCh, but the poor QdCh. As the light intensity decreases to 1.37 W m─2, 
all devices deliver dramatically decreased and finally similar JCh each other. In contrast, remarkable 
difference is still observed in VdCh as the light intensity decreases and Cu+/2+(dmp)2 shows the highest VdCh. 
These mean that the tendency of ηoverall under dim lighting is mainly dependent on the VdCh rather than QdCh. 
Therefore, Cu+/2+(dmp)2 with the most positive standard potential is the most suitable charge regenerator of 
DSSBs for indoor applications. Finally, using Cu+/2+(dmp)2 based DSSBs, we successfully operated 




Figure 5.5 (a) Light intensity dependent photo-energy conversion/storage efficiency (ηoverall) of DSSBs
under dim lighting. (b) Light intensity-dependence of ηIP′peak measured by CIMPS. Note the difference of 
ηIP′peak becomes negligible as light intensity decreases. (c, e, g) Temporal photo-charging current (JSC) 
profiles for 5 min under dim lighting and (d, f, h) following galvanostatic discharging profiles at a 
discharging rate of −0.03 mA cm−2, with different charge regenerator: (c, d) I−/I3−, (e, f) Co2+/3+(bpy)3, and 
(g, h) Cu+/2+(dmp)2.
Table 5.3. Performance Data of DSSBs under Dim Lighting and Light Intensity-Dependence of ηIP′peak, 
corresponding to Figure 5.5a and 5.5b.
ηoverall a (%) ηIP′peak
b (μA W−1 m2)
Pin (W m−2) 1.37 2.36 5.08 8.85 0.2 0.6 3.3 10.0 27.3 72.8
Illuminance (lux) 410 800 1520 2670 70 240 1150 3170 7900 21100
I−/I3− 2.8 3 4.4 8.7 3.4 3.5 3.4 3.3 3.2 1.7
Co2+/3+(bpy)3 7.9 7.3 7.0 9.0 3.3 3.2 3.0 2.6 1.6 0.9
Cu+/2+(dmp)2 8.8 8.2 7.6 7.3 3.2 3.2 2.6 2.0 1.1 0.6
a Commercial white light emitting diode was used as light source to simulate dim lighting condition.
b Photo-charging current efficiency (ηIP) corresponds to the ratio of photo-charging current (ICh) to incident 
light intensity (Pin):     =        ⁄ . ηIP′peak is maximum value of real part (ηIP′) of photo-charging current 
efficiency frequency response. Monochromatic light emitting diode (503 nm) was used as light source to 
measure ηIP. Intensity was automatically controlled based on photo-diode.
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To clearly understand light intensity dependence of JCh of DSSB, we measured light source frequency 
response of photo-charging current efficiency (    =        ⁄ ) using controlled intensity modulated photo-
spectroscopy (CIMPS) equipped with monochromatic light emitting diode (503 nm), where ICh is the photo-
charging current.64 Corresponding maximum values (ηIP′peak) of ηIP are summarized in Figure 5.5b and 
Table 5.3. We note that the difference of ηIP′peak between charge regenerators becomes gradually negligible 
as light intensity decreases. Over 10.0 W m−2 of intensity (3170 lux), I−/I3− exhibits much higher ηIP′peak
compared to others. In contrast, the similar ηIP′peak values are observed below 0.6 W m−2 of intensity (240 
lux) for all charge regenerators, which means the similar JCh. This exactly correponds to abovementioned 
JCh trend.
In brief, the dependence of JCh on the charge regenerator mainly results from the ηreg trend and is apparent 
under 1 sun condition. However, as the light intensity decreases, the effect of ηreg becomes gradually 
negligible because the number of photon flux is insufficient to oxidize all dyes (ca. 9.6×1019 m−2) on TiO2
film under the weak illumination (ca. 4.7×1019 m−2 s−1 of photon flux at 10 W m−2). As a result, the VdCh
starts showing strong impact on the ηoverall from 5.08 W m−2.
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Figure 5.6 (a) Home-made lighting system using white LED, (b) Mesh plate on DSSB, and (c) Commercial 
desk lighting used for melody-kit operation and cycling test.
Table 5.4 Incident light intensity and corresponding illuminance according to the number of mesh plate on 
an illuminometer.
0 Layer 1 Layer 2 Layer 3 Layer Desk lighting
P
in
 (W m─2) 8.85 5.08 2.2 1.37 2.36
Illuminance (lux) 2670 1520 660 410 800
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The Self-Discharge Rate and Cycle Life     We also investigated the correlation between charge 
regenerator and durability of stored chemical energy converted from photo-energy. Stored photo-charge in 
the SE can be self-discharged through two routes, either ME/catholyte interface or TiO2/catholyte interface. 
The self-discharge rate depending on the charge regenerator was monitored in two types of discharge modes, 
where the SE and the PE are either not connected (discharge mode-1) or connected (discharge mode-2). 
Figures 5.7a and 5.7b present the temporal open circuit voltage (VOC) between the ME and the SE. All 
charge regenerators seem to be negligible VOC decay even after 100 h in the discharge mode-1, while huge 
VOC decays are observed in the discharge mode-2. This result clearly reveals that TiO2/catholyte interface 
is a main route for the self-discharge and the reason might be related with stepwise energy level of Li2Mn2O4
> TiO2 > M1, red/ox.65-66
However, as shown in Figure 5.7c – 5.7e, the actual residual capacities do not correspond with 
abovementioned VOC decays and very dependent on the charge regenerators. In discharge mode-1, I−/I3−
(98%) preserves almost initial capacity while Co2+/3+(bpy)3 (35%) and Cu+/2+(dmp)2 (68%) lose considerable 
amount of charge. In discharge mode-2, residual capacities dramatically reduced compared with discharge 
mode-1. I−/I3− (56%) remains half initial capacity while Co2+/3+(bpy)3 (0.2%) and Cu+/2+(dmp)2 (4%) 
completely loss all stored charge. Based on these results, we confirm that the TiO2/catholyte interface is 
main route of self-discharge. In addition, it is noteworthy fact that the trend of self-discharge rate according 
to charge regenerators is related with charge recombination rates at the TiO2/catholyte interface. 
Figure 5.8 shows the charge recombination time (τn) in TiO2 network according to the charge regenerator. 
I−/I3− gives the longest τn, followed by Cu+/2+(dmp)2 and Co2+/3+(bpy)3. This τn order inversely agrees with 
that of self-discharge rate, Co2+/3+(bpy)3 > Cu+/2+(dmp)2 > I−/I3−, suggesting that the self-discharge rate is 
highly dependent on the recombination rate with oxidized charge regenerator.
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Figure 5.7 Open circuit voltage monitoring for 100 h in the different discharge mode: (a) discharge mode-
1 and (b) discharge mode-2. Galvanostatic discharging profiles of DSSBs with different charge regenerator: 
(c) I─/I3─, (d) Co2+/3+(bpy)3(PF6)2/3, and (e) Cu+/2+(dmp)2TFSI1/2 before and after self-discharge test. Self-
discharge test was carried out for 100 hours. Note the huge difference of self-discharge rate according to 
discharge mode.
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Figure 5.8 Charge recombination time (τn) in TiO2 network at the open circuit state as a function of 
incident photon flux, which is derived from the cutoff angular frequency of photo-voltage efficiency 
frequency response spectra in the complex plane as follows:    = 1        ,    ⁄ (raw data is not shown).
Lastly, cycling stability was tested through the photo-charging (1000 W m−2)/galvanostatic discharging 
(−0.03 mA cm−2) process as one cycle. Figure 5.9 plots the ηQ values (black filled circle) for total 50 cycles 
of photo-charging/discharging with corresponding QCh (red filled square) and QdCh (blue filled square). It 
is observed that both I−/I3− and Co2+/3+(bpy)3 exhibit near 100% of ηQ the whole cycling test, which means 
that most stored photo-charge in LiMn2O4 layer can be extracted reproducibly. However, Cu+/2+(dmp)2
delivers somewhat fluctuating ηQ during the cycling test. We attribute this unstable photo-
charging/discharging performance to slow ionic kinetics of Cu+/2+(dmp)2. Initial rapid enhancement of ηQ
is observed for all the cases. This results from the dense LiMn2O4 layer as shown in SEM images (Figure 
5.11a and 5.11b), which retards electrolyte infiltration. Moreover, I−/I3− shows the continuous increase of 
capacity until 10 cycles. As photo-charging/discharging cycles are repeated, LiMn2O4 clusters 
agglomerated during the ball milling process gradually disassemble due to continuous volume change of 
each particle by Li ion intercalation, so that more Li ion pathways are activated.34 This activation process 
is more apparent for the case of I−/I3− because of much higher QCh.
However, under commercial desk lighting (1.28 W m─2, 450 lux), the Cu+/2+(dmp)2 also delivered stable 
and reproducible performance over 100 cycles (Figure 5.10). In other words, the ionic kinetic issue 
becomes less important under dim lighting.
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Figure 5.9 1 sun photo-charging/discharging cycling test of DSSBs with different charge regenerator: (c) 
I─/I3─, (d) Co2+/3+(bpy)3, and (e) Cu+/2+(dmp)2.
Figure 5.10 Desk lighting photo-charging/discharging cycling test of DSSBs with different charge 
regenerator: (c) I─/I3─, (d) Co2+/3+(bpy)3, and (e) Cu+/2+(dmp)2. Inset shows galvanostatic discharging 
profiles at 1, 50, and 100 cycles. (d) Real photograph taken during the measurement.
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Figure 5.11 The plane SEM images of LiMn2O4 film in a (a) low and (b) high magnification, same with 
that used for storage electrode in DSSBs. (c) XRD pattern of surface-graphitized LiMn2O4 powder.
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The light intensity dependence of ηIP     For fundamental insight into the light intensity-dependence of 
photo-charging current, we observed light source frequency response of photo-charging current efficiency 
(    =        ⁄ ) according to the light intensity using controlled intensity modulated photo-spectroscopy 
(CIMPS) equipped with monochromatic light emitting diode (503 nm).64 Figure 5.12a shows the real (ηIP′) 
and imaginary (ηIP′′) parts of photo-charging current efficiency frequency response at 72.8 W m−2 of 
intensity. As expected, I─/I3─ provides the highest ηIP′ peak (ηIP′peak) and is followed by Co2+/3+(bpy)3 and 
Cu+/2+(dmp)2, which trend is consistent with the photo-charging current density (JCh) order. Whereas I─/I3─
is also characterized by the biggest ηIP′ decay at the lowest frequency (10−1 Hz). However, these tendencies 
gradually change as light intensity decreases:
i. The difference of ηIP′peak between them becomes gradually negligible with decreasing light intensity
ii. I─/I3─ starts exhibiting the smallest ηIP′ decay from 3.3 W m−2 (ca. 1150 lux) as shown in Table 5.5. 
To clearly understand such findings, we need to consider sequential process; photo-charge injection from 
dye to TiO2 and following charge collection. In short, it is logical inference that ηIP′peak and frequency-
dependent ηIP′ decay are related to charge injection and charge diffusion in the PE, respectively. The 
correlation between JCh and charge injection is minutely investigated above. This section focus on the 
correlation between ηIP′ decay and effective charge diffusion coefficient (Dn).
DSSBs based on I─/I3─ exhibit the biggest ηIP′ decay, but negligible ηIP′ decay below 3.3 W m−2 of intensity. 
We calculated the ratio of minimum ηIP′ to maximum ηIP′ to compare the degree of frequency-dependent 
ηIP′ decay as follows:     = 1 − (          
          
   ), where δIP is the frequency-dependent ηIP′ decay 
factor, ηIP′static is the ηIP′ at the lowest frequency (10−1 Hz) and ηIP′peak is the ηIP′ at the cutoff frequency. As 
summarized in Table 5.5, I─/I3─ shows rapid fall of δIP from 3.3 W m−2 of intensity. The trend of δIP can be 
explained by the electron diffusion in TiO2 network. Figure 5.12b and Table 5.5 shows that I─/I3─ delivers
the lowest Dn at over 27.3 W m−2 of intensity (ca. 7900 lux) but starts higher than others at below 3.3 W 
m−2 of intensity. This Dn trend inversely corresponds to δIP trend, indicating that the tendency of δIP is 
correlated with the Dn. The Dn is intimately associated with the relative charge amount in TiO2 conduction 
band to that in trap state.67-68 In other words, it is expected that the oxidized species (I2 and I3─) in the I─/I3─
catholyte make a huge amount of charge trapped in TiO2 surface state under the illumination, but such effect 
becomes smaller as light intensity extremely decreases. Although most practical light sources are based on 
dc power supply, the δIP would be important factor of photo-charging for some special cases, such as either 
flickering or battery-deficient lighting.
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Figure 5.12 (a) The real (ηIP′, filled symbol) and imaginary (ηIP′′, blank symbol) parts of photo-charging 
current efficiency frequency response at 72.8 W m−2 of intensity. (b) The light intensity dependent effective 
charge diffusion coefficient (Dn) of photo-injected electrons during the photo-charging, which is derived 
from charge transport time.
Table 5.5 Kinetic Data as a function of Photon Flux, Measured from the DSSBs with Different Charge 
Regenerator

















































I─/I3─ 3.4 3.5 3.4 3.3 3.2 1.7 0 0.1 1.0 31.0 98.6 99.1 1.5 2.3 2.7 2.8 2.7 2.9
Co2+/3+ 3.3 3.2 3.0 2.6 1.6 0.9 0.2 1.8 9.1 24.6 29.6 28.1 1.4 2.1 2.7 3.6 5.7 12.7
Cu+/2+ 3.2 3.2 2.6 2.0 1.1 0.6 2.0 7.0 17.8 30.2 22.6 51.1 1.3 1.6 1.8 2.2 3.2 5.8
a ηIP′peak is maximum value of real (ηIP′) part of photo-charging current efficiency frequency response.
b The frequency-dependent ηIP′ decay factor (δIP) is calculated as follows:     = 1 − (          
          
   ), 
where ηIP′static is the ηIP′ at the lowest frequency (10−1 Hz).
c The effective charge diffusion coefficient (Dn) is derived from the cutoff frequency of photo-charging 
current efficiency frequency response spectra in the complex plane as follows:    =        ,      
   ⁄ , 
where ωcutoff, IMPS is the cutoff angular frequency in the ηIP′′ plot, L is the TiO2 film thickness, and ξ is a 
numerical factor that depends on the optical density of the film.
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5.3 Conclusion
This work presents all-in-one photo-rechargeable system, dye-sensitized solar battery (DSSB), which 
requires no external power for energy storage. Three types of redox mediators, such as I─/I3─, Co2+/3+(bpy)3, 
and Cu+/2+(dmp)2, were introduced as charge regenerator for oxidized dyes and their impact on the device 
performance was thoroughly investigated according to the incident light intensity. Major findings are 
follows: i) electrochemical kinetics of charge regenerator is directly connected with the photo-
charging/discharging capacities (QCh /QdCh) and thus stored energy density (Estored). Therefore, I−/I3−
exhibited the highest QdCh (453 C g−1) and Estored (30.5 mWh g−1) under 1 sun condition with good cycling 
stability. However, ii) all charge regenerators deliver similar QCh under extremely low light intensity, 
instead, output voltage (VdCh) becomes more critical for Estored. As a result, Cu+/2+(dmp)2 delivered the 
highest overall photo-energy conversion/storage efficiency (25.6 %) under indoor lighting intensity (0.47
W m─2, 120 lux) with over 100 cycling stability. In addition, we found out that self-discharge of stored 
charge not only mainly occurs through TiO2/catholyte interface, but also depends on the recombination rate 
with oxidized charge regenerators in the order: I−/I3− < Cu+/2+(dmp)2 < Co2+/3+(bpy)3. DSSB proposed here 
is very useful photo-rechargeable system for indoor environment because of easy VdCh control through 
material modification, efficient power conversion of dim lighting, and all-in-one structure that is featured 
by aesthetic impression as well as no over-charging problem. As social concerns about energy saving 
increase, the development of indoor/outdoor-customized photo-rechargeable system would be increasingly 
required regarding the scope of application, which is also our future research theme.
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5.4 Experimental Section
Storage-Electrode Fabrication     Storage-electrode was composed of LiMn2O4 as an active material, 
Super P(Timcal) carbon black as a conduction enhancer and polyvinylidene fluoride (PVdF, SOLVAY 
Solef 5130) as a binder (weight ratio of 8:1:1) on the Au-coated FTO. Firstly, PVdF powder was dissolved 
in N-methyl pyrrolidinone (NMP). Mixture of LiMn2O4 and Super P was finely dispersed into the 
PVdF/NMP paste with stirring. The Au-coated FTO glass was pre-drilled for electrolyte injection and 
masked using kapton tape (25.4 μm). The LiMn2O4 slurry was dropped onto the masked substrate, followed 
by drying at 110 °C for 1 h and naturally cooling to 25 °C. The active area was 0.6×0.6 cm2 and the loading 
density of LiMn2O ranged 1 ~ 2.2 mg/cm2.
Cell Assembly     Storage-electrode and LISICON membrane were attached using the 60-μm Surlyn®
resin (Meltonix 1170-60, Solaronix SA) at 110 °C. Then, upper side of LISICON was masked with kapton 
tape and Pt-sputtered for making 3 mm width Pt layer as a charge collector using FEI-sputter (K575X, 
EMITECH), followed by electrodeposition of poly(3,4-ethylenedioxythiophene) (PEDOT) on that as a 
catalytic layer. The electrodeposition was carried out applying a constant current (+0.5 mA) for 30 s in an 
acetonitrile dispersion of EDOT containing 0.01 M EDOT (97%, Aldrich) and 0.1 M LiClO4 (99.99% trace 
metals basis, Aldrich). Then, photo-electrode was attached on that using 2 layers of 60-μm Surlyn® resin at 
110 °C. Both internal spaces for photo-electrode side and storage-electrode side were filled with catholyte 
and 0.8 M LiClO4 in acetonitrile, respectively. I─/I3─ catholyte was composed of 0.2 M I2 (≥ 99.8%, Aldrich), 
0.1 M LiI (99.9% trace metals basis, Aldrich), 0.05 M guanidine thiocyanate (≥ 97%, Aldrich), 0.6 M 1,2-
dimethyl-3-propylimidazolium iodide (DMPII, Solaronix SA), and 0.5 M 4-tert-butylpridine (96%, Aldrich) 
in acetonitrile. Co2+/3+(bpy)3 and Cu+/2+(dmp)2 catholytes were composed of 0.25 M Co2+(bpy)3(PF6)2, 0.05 
M Co3+(bpy)3(PF6)3, 0.1 M LiClO4, and 0.5 M 4-tert-butylpyridine in acetonitrile and 0.2 M Cu+(dmp)2TFSI, 
0.04 M Cu2+(dmp)2TFSI/Cl, 0.1 M LiClO4, and 0.5 M 4-tert-butylpyridine in acetonitrile, respectively.
Characterization     The absorbance spectra of dye desorption solution were recorded by the R928 
photomultiplier tube of a UV-vis-NIR spectrophotometer (Cary 5000, Agilent Technologies, Inc.). The 
surface morphology of LiMn2O4 film was observed by field emission-scanning electron micro-scope (FE-
SEM, Haitachi, S-4800). To identify the crystallinity of the graphitized LiMn2O4, X-ray diffraction (XRD) 
was carried out in a D8 ADVANCE system equipped with a DAVINCI (Bruker AXS) diffractometer using 
Cu Kα radiation operated at 40 kV and 10 mA. All electrochemical analyses were performed on 
potentiostats/galvanostats (BioLogic VMP3).
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Photo-Charging/Galvanostatic Discharging     Photo-charging current was measured using 
chronoamperometry technique applying 0 V of dc bias under the illumination. Following discharging was 
carried out using chronopotentiometry technique with various constant currents. Standard one sun condition 
(AM 1.5, 100 mW cm−2) was simulated by photovoltaic efficiency measurement system (IQE-200, Newport 
Corporation). A commercial light-emitting diode lighting power (LG Innotek Co., Ltd.) was employed to 
simulate the indoor light intensity.
Cyclic Voltammetry     Cyclic voltammetry was carried out at 100 mV s−1 of scan rate in a 3-electrode 
system containing Ag/AgCl (in a saturated aqueous potassium chloride solution) as the reference electrode 
and Pt wire as the counter-electrode in supporting electrolyte (0.1 M LiClO4 in acetonitrile). Standard redox 
potentials were referenced versus that of ferrocene/ferrocenium (+0.63 V vs. NHE).
Controlled Intensity Modulated Photo-spectroscopy     To study the photo-current and photo-voltage 
efficiency frequency response of DSSBs, controlled intensity modulated photo-spectroscopy (CIMPS) 
technique was carried out on a photoelectrochemical workstation (ZENNIUM XPOT, ZAHNER-elektrik 
GmbH & Co. KG) equipped with a frequency response analyzer and an automatically intensity-controlled 
light-emitting diode (503 nm). A small-amplitude sinusoidal pulse (~10% of dc potential) was applied to 
light source bias with frequency sweep from 105 to 10−1 Hz.
Linear Sweep Voltammetry and Impedance Spectroscopic Analyses     Linear sweep voltammetry was 
carried out at 100 mV s−1 of scan rate with the symmetric cells consisting of two PEDOT-coated FTO 
substrates and the electrolyte same with the catholyte in DSSB. Electrochemical impedance spectroscopy 
was carried out with the same symmetric cells, applying a 10 mV sinusoidal pulse to a dc bias equivalent 
to the open circuit voltage (0 V) with the frequency sweep from 106 to 10−1 Hz. All obtained Nyquist plots 
were fitted with suitable equivalent circuits using ZView software (Scribner Associates, Inc.).
Time-Correlated Single Photon Counting     Transient photoluminescence lifetime was measured on 
fluorescence lifetime spectrometer (FluoTime 300, PicoQuant GmbH), operated in time-correlated single 
photon counting (TCSPC) mode. The whole system was composed of a Ti:sapphire laser (Mira900, 
Coherent) with a ~150 fs pulse width and a 76 MHz repetition rate, emission monochromator (SP-2150i), 
and data acquirer (PicoHarp 300) with photon counting detector (microchannel plate photomultiplier tubes, 
R3809U-59). Collected decay signals and the instrumental response function were fitted together using an 
appropriate software (FlouFit, PicoQuant) to acquire the time constant.
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The evaluation of electrochemical kinetic parameters     For the measurements, I prepared symmetric 
cell that consists of two PEDOT-coated FTO electrodes and the electrolyte as depicted in Figure 5.13a. 
The rate constant (k0) for charge transfer near electrode surface and ionic diffusion coefficient (D) values 
are summarized in Table 5.1. For both factors, symmetric cells containing I─/I3─ electrolyte always give 
the highest values, indicative of the fastest reaction and diffusion of I─/I3─. The impedance spectroscopy 
analysis strongly supports linear sweep voltammetry results in terms of electrode/electrolyte interface 
impedance and Nernst diffusion impedance. 
Figure 5.13c and 5.13d present Nyquist plots obtained from symmetric cells with different electrolyte 
and equivalent circuit we adopted for fitting, respectively. It is apparent that I─/I3─ and Co2+/3+(bpy)3 feature 
two semicircles in impedance spectra, while Cu+/2+(dmp)2 is characterized by three semicircles. Nyquist 
plots obtained from the symmetric cells are generally composed of two semicircles, corresponding to charge 
transfer resistance at the electrode/electrolyte interface (RCT, Ed/El) at high frequency region and Nernst 
diffusion impedance in the electrolyte (Nbulk) at low frequency region, respectively. However, when the 
electrode surface has a porous structure, additional element should be introduced to circuit to consider 
Nernst diffusion impedance within the electrode pores (Npore).59 This element has been known to appear at 
higher frequency region than that of RCT, Ed/El. Therefore, we attributed additional semicircle at high 
frequency region (200~2.5 kHz) with Cu+/2+(dmp)2 electrolyte to sluggish ionic diffusion within the of 
PEDOT pore. For the other cases, diffusion limitation in PEDOT pore is negligible and thus the Npore do 
not appear. All RCT, Ed/El and Nbulk values are summarized in Table 5.1. It is noteworthy that I─/I3─ provides 
very low RCT (0.14 Ω) and Nbulk (0.55 Ω).
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Figure 5.13 (a) The structure of symmetric cell used for (b) linear sweep voltammetry and (c) impedance 
analyses for rate constant (k0) and ionic diffusion coefficient (D) of redox mediators, respectively. k0 and D
were estimated using the exchange current (I0) and limiting current (Ilim) as following Eq.5.6 and Eq.5.7:
   =        
     
                                                                                                                                  (5.6) 
     = 2        ⁄                                                                                                                                 (5.7) 
where n is the number of electrons transferred in the electrochemical reaction, F is the faraday constant, A
is the active area, CO* and CR* are bulk concentrations of redox species, α is the transfer coefficient (≈ 0.5), 
and δ is the distance between electrodes. (d) Equivalent circuit adopted for fitting impedance spectra.
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앞으로 더욱 적극적인 모습으로 새로 하는 일들도 좋은 결실 맺길 바라. 바이오 패밀리인
대리마을 주민 채헌과 ERL 패셔니스타 채규, 너희 둘은 어떨 때 보면 사이 좋은(?) 남매 같아 ㅋ
분야가 다르다 보니 너희들에게 별 도움을 주진 못했지만 알아서 잘 해왔고 앞으로도 잘 할거라고
믿는다. ERL 의 주역이 되어 실험실을 잘 이끌어 주길 바라. 항상 예의 바른 은혜, 저번에 구두로
얘기했듯이 연구도 실험실 생활도 너무 잘하고 있어서 보기 좋아. 함께 진행하는 연구도 앞으로
잘해 나가 보자구나. 이제 막 대학원 생활 시작한 왕효와 민규, 사실 난 너희가 제일 부럽다...
이해할 수 없겠지만... 천천히 꾸준히 정진해서 부끄럽지 않은 연구자가 되길 바란다. (민규야
저번 엠티 때 누워서 나누었던 담화는 정말 즐거웠다 ㅋ) 끝으로 실험실 막내인 학부생들 (성준,
병권, 정경, 경민), 앞으로 많이 배우고 선배들 도와서 실험실 잘 이끌어 나가길 바라.
학위과정 내내 실험을 함께 했던 co-worker 이명희 누님, 누님께는 co-work 하는 일 외에도
많은 부분을 배웠습니다. 덕분에 전기화학 분야 관련 지식들을 쉽게 접하고 배울 수 있었어요.
감사합니다. 새로이 하는 연구들도 잘 되 시길 바라고 계속 도움 드릴 수 있도록 할 게요. 지금은
중국에서 연구중인 명우야, 덕분에 UNIST 에서 첫 논문을 만들고 연구의 틀을 닦을 수 있었다.
거리가 멀어 자주 보기는 힘들지만 자주 연락하고 담에 만나면 또 칭따오 한잔 하자.
졸업 후에는 지금까지 보다 더욱 힘들고 넓은 사회에서의 시작이 기다리고 있을 거라고
생각합니다. 그럴 때마다 지금까지 받은 격려와 가름침들을 바탕으로 잘 헤쳐 나갈 것이며 새로운
도전을 즐기도록 하겠습니다. 모두 행복하세요.
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